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Abstract
The conceptual design of a blanket assembly for a hypothesized fusion power reac-
tor is considered from the point of view of neutron economy. Containment of a steady-
state thermonuclear plasma composed of equal parts of deuterium and tritium in a
cylindrical configuration is assumed.
Requirements and limitations imposed on the blanket by the plasma and by other
components of the reactor system are analyzed, and the conceptual arrangement of a
suitable blanket utilizing a refractory metal first wall and fused-salt cooling is
presented.
Neutron transport and scattering models are compared in terms of applicability to
the present problem. Multigroup, multiregion formulations for neutron transport and
scattering in various energy regimes are developed; solutions are obtained by a com-
bination of analytical and numerical methods. A multigroup treatment of resonance
absorption and scattering is outlined, and a method of calculating approximate absorp-
tion cross sections in the resonance energy region is derived.
Comparison of theoretical predictions with published experimental measurements
in several test cases has been made to determine the adequacy of the models and com-
putational procedures.
Calculated tritium breeding ratios and neutron-induced reaction rates in a variety
of permutations on the basic blanket configuration are summarized and compared. It is
shown that the proposed blanket design is adequate from the point of view of neutron
economy. A reasonable degree of flexibility for satisfying other requirements imposed
on the blanket is indicated when suitable combinations of nuclides are exploited.
Consideration is given also to several shielding configurations and to the potential
merits of various materials, including certain fissile nuclides, not treated in this study.
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PREFACE
This is the first in a series of five reports on Fusion Blanket research. Taken
together, this series completes the initial phase of this work.
Appendix B of this report explains two sets of digital computer codes that were
developed in this study and written in the IBM Fortran II language. The actual code
* listings are omitted but are available on application to the Research Laboratory of
Electronics, Massachusetts Institute of Technology, Cambridge, Massachusetts, 02139.
A list of the authors and titles of the four succeeding reports in this series follows.
Technical Report 435
Technical Report 436
Technical Report 437
Technical Report 438
William G. Homeyer, "Thermal and Chem-
ical Properties of the Thermonuclear Blan-
ket Problem"
Laszlo N. Lontai, "Study of a Thermonuclear
Reactor Blanket with Fissile Nuclides"
Patrick S. Spangler, "Fusion Reactor Blan-
ket Experiment"
Lester M. Petrie, Jr., "Gamma-Ray Spectra
in Fusion Blanket Mock-ups"
A xerox copy of the code listings
can be made from the Impink thesis
which is at gayden"Library.
(The listings are not in our copy
of this thesis.)
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I. INTRODUCTION
A study has been made of several aspects of the basic problem of making a first esti-
mate of the feasibility and practicality of blanket assemblies for proposed thermonuclear
power reactors. The investigation was motivated by the following premises:
1. Containment of a thermonuclear plasma of interest from the point of view of use-
ful power production by nuclear fusion is possible and will soon be accomplished.
2. The energy liberated in the fusion reaction will appear as kinetic energy of light-
weight nuclear particles. The larger part of this kinetic energy will be recovered as
useful thermal energy through the intermediary process of slowing down neutral particles
in a solid or liquid medium, for instance, in a blanket surrounding the fusion reaction
region.
3. The physical limitations unavoidably associated with any practical blanket assem-
bly may well impress severe restrictions on the properties of the thermonuclear plasma
and on the amount of useful power that can be recovered. It is conceivable that inability
to develop a practical blanket assembly satisfying all of the requirements imposed upon
it might present an insuperable barrier to the attainment of commercial power from
thermonuclear fusion.
4. Present understanding of plasma physics is sufficiently far advanced that the gen-
eral outlines of a potentially useful power-generating fusion reactor may be sketched.
Critical characteristics of such a machine can be estimated (although with some uncer-
tainty).
With these points in mind, the goals of the study, of which the work reported here
represents a part, were the following.
1. To analyse the nature and implications of the restrictions imposed on blanket
assemblies by other components of the fusion reactor system, in particular by the
plasma.
2. To develop the conceptual design of a blanket assembly capable of meeting the
several imposed requirements.
3. To weigh the feasibility of the blanket design and, by implication, to estimate
the ultimate feasibility and practicality of fusion power reactors from the point of view
of the blanket problem.
Related goals are those of compiling physical and nuclear data of importance in blan-
ket design, developing appropriate computational methods, and carrying through the nec-
essary calculations to permit drawing of reasonably reliable conclusions.
In the work reported here we do not presume to treat the entire problem of fusion
reactor blanket assemblies. Rather, the intent is to study those aspects of the problem
dealing with the multiplication, transport, and ultimate utilization of fusion-born neu-
trons. The immediate goals of this portion of the over-all study are to provide infor-
mation relating to neutron economy and to the distribution and magnitude of the several
neutron-induced reaction rates of interest. The results, considered in conjunction with
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those from related studies, will permit drawing more general conclusions concerning
the feasibility and practicality of fusion reactor blankets. To the extent that neutronic
considerations are the determining factor, more general conclusions will be drawn in
this report.
The conceptual design is the result of the combined efforts of David J. Rose, Irving
Kaplan, William G. Homeyer, Patrick S. Spangler and the author. The area of primary
interest to the author has been that of neutron economy. Matters relating to materials
and to nuclear heating will form the substance of a concurrent work by Homeyer. 
SpanglerZ is developing experimental techniques that will permit testing of the neutron
scattering and transport calculations in systems approximating the hypothesized designs.
In general, the current studies have excluded nuclear fission as a constituent neutron-
induced reaction in the blanket, a consideration also neglected in all eariler studies with
very few exceptions. 3 ' 4 This somewhat artificial limitation will be preserved here with
the exception of occasional parenthetical observations. Recently, Lontai5 has undertaken
an investigation closely paralleling those of Homeyer and the author to determine the
advantages to be derived by introducing fissile nuclides into power-producing fusion
reactor blankets.
The rest of this work will be organized in the following manner: Consideration will
be given first to developing the over-all problem, outlining the general characteristics
of a fusion power reactor, delineating the requirements and limitations imposed on the
blanket, and summarizing earlier studies on the problem. Succeeding sections will be
devoted to discussions concerning the theoretical methods employed to treat neutron
scattering and neutron transport, the calculation of certain effective neutron cross sec-
tions, the development of necessary numerical procedures, and a comparison of theo-
retical predictions with experimental results. The results of neutronic calculations
made on a variety of proposed blanket assemblies will be summarized and compared,
appropriate conclusions will be drawn, and recommendations for the future course of
these studies will be made. Finally, in appendices details of the digital computer codes
that were used and of the neutron cross sections that were employed will be presented.
Every effort has been made to preserve a consistent scheme of notation throughout.
In those cases in which usage dictates inconsistencies in the notation employed in treating
unrelated problems, the generally accepted notation will be given preference.
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I1. DEVELOPMENT OF A CONCEPTUAL BLANKET DESIGN
2. 1 DELINEATION OF THE PROBLEM
Sufficient work has been done in the past, notably by Rose6 ' 7 and Post, 8 that the
broad outline of a potentially practical fusion reactor system for generating commercial
electric power can be sketched. The following characteristics of such a system may be
cited.
1. The basic thermonuclear reaction will be the fusion of a deuteron and a triton to
yield a neutron, an alpha particle and approximately 17. 6 Mev in particle kinetic energy.
H2 + H 3 0 n + He4 (+17. 58 Mev). (1)
2. The total power output of the device must be large and energy densities high if
competitive costs are to be obtained. Thermal power outputs of the order of a million
kilowatts per reactor are indicated.
3. The system will be run on a steady-state or quasi steady-state basis and will
utilize, for plasma confinement, magnetic fields generated by superconducting coils
located outside of the blanket.
4. The general configuration of the reacting plasma will be cylindrical; for the sake
of this discussion, both mirror devices and stellarators are construed to be "cylindri-
cal."
Consider now the implications of these characteristics of a hypothesized fusion reac-
tor in terms of the requirements that they impose on the blanket. The use of tritium as
a fuel for the fusion reaction is significant on two counts. First, tritium is not found in
nature; hence, the blanket must breed tritium. Furthermore, since the tritium burnup
per injection into the plasma will certainly be less than unity, tritium recycling and
repeated re-injection, with inevitable losses, appears unavoidable. It has been esti-
mated by Rose et al. 7 that tritium-breeding ratios as high as 1. 15 tritons generated per
triton burned may be necessary to compensate for losses resulting from recycling,
chemical recovery, and radioactive decay.
Second, neutrons, which are the only potential source of tritium through nuclear
reactions, are available initially only at 14 Mev. Although there is a large number of
neutron-induced reactions that yield tritons as reaction products, only the reactions
Li6 + n- H3 + He4 (2a)
and
Li 7 + n - H3 + n + He 4 (2b)
appear to offer any real hope for tritium regeneration. Figure 1 shows the tritium pro-
duction cross sections in natural lithium which are due to the lithium 6 and 7 isotopes
as a function of incident neutron energy in the high-energy region. The lithium 6 cross
3
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section gradually assumes a v 1 dependence at lower energies and reaches a value of
71 barns at 0. 025 ev.
The contribution of lithium 7 is limited by competitive down-scattering reactions in
any practical system so that the basic reaction for tritium production, that involving
lithium 6, is prominent only near thermal energies. It is evident that large-scale tritium
breeding with 14 Mev neutrons requires that the neutrons be slowed down at least to epi-
thermal energies, with some consequent unavoidable loss of neutrons, because of para-
sitic absorption and leakage. Since the D-T fusion reaction yields but one neutron per
triton consumed, provision must be made in the blanket for neutron multiplication, to
compensate for neutron losses and to meet the tritium-breeding requirement.
Three classes of neutron multiplying reactions are available for exploitation. These
include (n, 2n) reactions in the weakly bound light nuclides, (n, Zn) reactions in the heavier
nuclides, and fission reactions in the very heavy nuclides. Figure 2 is a comparison of
the multiplication cross sections for (n, Zn) reactions in beryllium, molybdenum, and
uranium 238 with that attributable to fission in uranium 238. The term "multiplication
cross section" is defined as the product of reaction microscopic cross section and net
neutron yield per reaction.
The second characteristic of the proposed fusion reactor, that of large thermal power
output coupled with high energy densities in the plasma, imposes additional restrictions
and requirements on the blanket, particularly with respect to materials. Of immediate
concern is the first surface seen by plasma-born particles and radiation. We shall
assume that a large fraction of the charged a-particles emitted in the fusion reaction are
kept away from the walls and deposited safely in some region removed from the blanket
under study. Both the neutrons and the plasma radiation (Bremsstrahlung and cyclotron
radiation) will impinge on the first wall. The Bremsstrahlung consists of x-rays in the
spectral range of tens of kilovolts; the cyclotron radiation lies in the millimeter and
submillimeter wavelength region. The penetration depth of these emissions in any mate-
rial suitable for a vacuum wall is negligible. Since the radiation absorbed may amount
to from 10 to 20 per cent of the total output, heating in the first wall is expected to con-
stitute a severe problem. Also, the 14-Mev neutrons will suffer energy loss in pene-
trating the first wall. These considerations plus those of structural integrity and
sputtering on the first surface dictate the use of a refractory metal for the first wall.
Cooling the blanket, especially the first-wall region, poses an equally serious prob-
lem. Investigations have shown 6 ' 9,10 that only ionic-bonded fused salts appear to be
suitable for use as coolants at the high temperatures that are necessary if reasonable
thermal efficiencies are to be achieved.
The third characteristic of the fusion reactor, that of obtaining plasma confinement
by the use of steady-state magnetic fields generated by superconducting coils, imposes
still another requirement on the blanket. Superconductivity occurs only at temperatures
of the order of a few degrees Kelvin. Thus energy deposited in the coils by neutron scat-
tering and capture and by gamma attenuation, as well as by direct thermal leakage, must
5
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be extracted against a temperature differential of approximately 300°C with the attendant
expenditure of large amounts of energy. Hence, the blanket must also serve as a neutron
and gamma attenuator and as a thermal barrier, separating the plasma at 10 8°K with a
power density of perhaps 10 Mw per cubic meter from the coils at approximately 4°K,
with an absorbed power density of 100 watts per square meter of coil area facing the
blanket representing a comfortable upper limit.
2.2 EARLIER STUDIES
It is interesting to note that although there is general agreement among the investi-
gators who have studied the problem concerning the characteristics of a potentially useful
fusion reactor, agreement does not obtain about what constitutes a suitable blanket
design. In the earliest consideration of the problem, Spitzer et al. 1 suggested a system
in which lithium metal contained in stainless-steel tubes served as the tritium-fertile
material, and separately contained water supplied neutron moderation and cooling.
Johnson proposed that fused lithium nitrite would be a more suitable lithium source
and would serve as a coolant as well, thereby supporting the separately contained water
system of earlier designs. Christofilos et al.13 have incorporated a similar moderator-
coolant-lithium source system into their analyses and include a separately cooled
Bremsstrahlung shield necessitated by the particular confinement system proposed. Bell
et al.14 also utilize the Johnson proposal, although at a later point in the same reportl5
the advantages of the lithium beryllium fluoride fused-salt system are indicated.
Detailed neutronic calculations were pursued in several of these earlier studies and
led to the general conclusion that adequate tritium-breeding ratios could be obtained in
the systems then proposed. More will be said concerning comparison of these earlier
calculations with those reported here.
The present study indicates that neutron economy and heat transfer both present
somewhat more serious problems than seemed to be indicated by the preliminary studies.
The use of high-pressure water, contained in stainless steel or monel, as moderator
and coolant seems particularly unsuitable. There also appears to be serious doubt con-
cerning the stability of fused lithium nitrite. These considerations and concern about
first-wall heating led eventually to the conceptual blanket design proposed here.
2.3 PROPOSED CONCEPTUAL DESIGN
The evolution of the design under scrutiny here has been recorded, 1 0 ' 16 17 and need
not be further considered. The major departures from earlier proposals are the fol-
lowing.
1. Use of a refractory, neutron multiplying first wall.
2. Use of fused salts, particularly the lithium beryllium fluoride system, as coolant,
elastic moderator, and tritium-fertile material.
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3. Use of a direct first-wall coolant and a separate primary attenuator that may be
thermally independent of the first-wall region.
The end product of the current study is the functional arrangement sketched in Fig. 3.
The refractory first wall and first-wall coolant make up the region of maximum energy
density. The primary attenuator is conceived to be a graphite matrix through which a
lithium-bearing fused-salt coolant is channeled. The greater part of both tritium gen-
eration and heat recovery is accomplished in this region. The lower temperature coil
shield region is devoted entirely to neutron and gamma attenuation. Neutrons penetrating
into this depth are considered lost to the system as sources of both tritium and useful
heat.
In this report attention is devoted primarily to the inner region composed of the first
wall, the first-wall coolant and the primary attenuator, since this is the region of crit-
ical interest for neutron economy and tritium regeneration. When appropriate, the cal-
culations will be extended to include the coil shield region in order to assess nuclear
heating in and near the superconducting coils. Consideration of biological shielding is
beyond the scope of this work.
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III. NEUTRON SCATTERING MODELS
3. 1 INTRODUCTION
Before discussing neutron scattering, some remarks need be made concerning the
scheme that will be used to characterize neutron energy. The neutron flux distribution
in energy will be approximated by a sequence of monoenergetic fluxes corresponding to
successive energy groups. The monoenergetic flux associated with a given group is an
approximation to the integral of the true energy-dependent flux over the energy regime
in question. Thus,
EH)iH i dE (r, E), (3)EL)i
where the subscript i gives the group number, EH) i and EL)i are the higher and lower
bounds, respectively, of the i group, r is the spatial variable, E the energy variable,
and is the scalar flux. Since reaction rates rather than fluxes are basic in this study,
the approximation given above may be replaced by the exact relationship
Reaction Rate in ith group = %i(r) .i(r)
(at spatial point r) = EH)i dE (r, E) (r, E), (4)
L) i
where is a macroscopic cross section representing a given reaction, and E. is the
equivalent macroscopic cross section assigned to the it h group:
H i dE ~(r, E) (r, E)
L)i
El(r) = . (5)
SEH)i dE (r, E)
L)i
The specific group designations employed, together with the higher and lower energy
bounds of the groups and the corresponding energy and lethargy widths, are summarized
in Table 1.
The basic requirement of a multigroup treatment of neutron scattering is a means
of expressing the probability that a neutron, initially in energy group i and having direc-
tional cosine B, will emerge from a scattering event of a designated type in group j with
directional cosine '. If the desired probability is represented by P(i, B; j, '), the rate
at which neutrons are scattered from group i to group j in reactions described by Zi(r)
1
Scattering rate (at r) = dl. f,(r, ji) i(r) P(i, ; j, pl). (6)
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Table 1. Energy group designations.
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The transport models to be described consider only the two extremes of angular corre-
lation. These are straight ahead scattering in which the directional characteristic of a
transporting neutron is unaffected by a scattering event (although the energy may be
changed due to the collision), and isotropic scattering in which the directional charac-
teristic of a transporting neutron is lost completely in the scattering process. In these
two cases the scattering probability, P(i, p.; j, p.'), may be replaced by P(i, j) or, more
simply, by Pij. The rate of transfer of neutrons from group i to group j at the point r
is then given in the straight-ahead case by
- 1Transfer rate dp i(r, ) i(r) ij (7a)
and in the isotropic case by
Transfer rate = i(r) Zi(r) Pij (7b)
Neutron scattering is frequently divided into two classes, elastic and inelastic or,
more properly, nonelastic scattering. While this distinction is somewhat artificial,
especially in view of the observations already made concerning angular correlations, it
is convenient to retain it here in discussing the several scattering models used in this
study. The rest of this section is devoted to developing, first, an elastic scattering
model, and then three different models for treating nonelastic scattering in various dis-
tinguishable energy regimes. In each case group transfer functions based on the models
are derived. Finally, some remarks will be made concerning models appropriate to
angular correlations in the several types of scattering.
3. 2 ELASTIC-SCATTERING MODELS
a. Generalized Model
Consider the case of elastic scattering. For all but the lightest scatterers, the max-
imum energy that a neutron can lose in a single scattering event is relatively small. Fur-
thermore, the energy with which the neutron emerges from an elastic scattering is
related to the energy of incidence and the scattering angle by the relation{ + A2 + Av
E' =1+A E, (8)
(1+A) J
where E and E' are incident and emergent neutron energies, respectively, in the labo-
ratory system, A is the mass number of the scattering nucleus, and v is the cosine of
the scattering angle in the center of mass coordinates. Since the multigroup model is
based on lethargy, it is more convenient to express the energy loss in the form
E' 1 + A + 2Av
E (1+A)2
__
This relation may be solved for v to yield
/E (1+A)Z E' (1+AZ)
v(E) ZA E- 2A (10)
The probability, Q, that the ratio E'/E have a given value may be given in terms of
the probability, r, of occurrence of the corresponding value of v in the form
Q() d() = E-) dv (Ila)
or
(1+A) 2
E')= { E ( lb)
The minimum value of the energy ratio E'/E is commonly designated a, and is given by
a ={A+}. (12)
On substituting this relation, Eq. lb takes the form
Q( E-) ={v( )} I - a (13)
The group transfer probability Pij may now be defined in the form
EH)j
SEH)i dE E d(4 E) QQ-)
Li Lj
p.. d E (14)
EL)i
or, in terms of the scattering angle probability,
P AE) Li di Ehj) dv Eir )} (15)
The distribution of the cosine of the scattering angle can be obtained either by direct
measurement or by calculation using the optical model of the nucleus. In this study the
distributions for anisotropic elastic scattering given by Buckingham, Parker, and
Pendleburyl 8 were used whenever possible because their data are presented in a par-
ticularly useful and convenient graphical form from which the required group transfer
probabilities can be calculated by simple numerical methods.
13
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b. Isotropic Model
When elastic scatterings are isotropic in the center-of-mass system, the cosine prob-
ability, Tr, becomes simply 0. 5 and the energy ratio probability, Q, reduces to
Q E) a {l-a} - (16)
In this case the group transfer probabilities can be evaluated directly. The following
notation is used:
Pii is the probability that a neutron initially in group i will remain in group i after
a scattering event;
P.. is the probability that a neutron scattered in group i will by-pass j-i groups and
emerge in group j;
PiJ is the probability that a neutron scattered in group i will by-pass J-i groups,
emerging in the last permitted group, J;
AE)i is the energy width of group i; and
Au) i is the lethargy width of group i.
The fraction of the energy width of a source group represented by a differential element
of energy is given by dE/AE)i. The minimum energy that a neutron of incident energy E
may have after an elastic collision is aE, and the total energy span available to the scat-
tered neutron is E(1-a). Furthermore, as shown in (16), the probability that a neutron
scattered from energy E emerges in energy increment E' in the span E(l-a) is simply
6E'/E(1-a); the probability is independent of the fractional energy loss within the allowed
limits.
It is desirable to distinguish four cases in terms of the relative magnitudes of group
energy widths and allowable energy losses.
1. Incident neutrons may have energies sufficiently far above the lower energy limit
of the source group that none can be scattered into lower groups in a single elastic col-
lision. The probability that such neutrons emerge from an elastic scattering in the
source group is simply unity.
2. Incident neutrons may lie sufficiently close to the lower energy limit of the source
group that the probability of removal from the source group by a single elastic collision
is nonzero. The probability that these neutrons remain in the source group is
[E-EL)i]/E( l-a).
3. Incident neutrons in source group i may have a sufficiently large allowed energy
loss compared with group width that all energies in lower energy group j are accessible
after a single elastic collision. The probability that the scattered neutrons emerge in
group j is then AE)i/E(1-a).
4. Incident neutrons may have an allowed energy loss such that only the upper por-
tion of a specified lower energy group is accessible after a single elastic collision. The
probability that the emergent neutron appear in this portion of group j, the specified
group, is given by [EH)j-aE]/E(1-a). Group transfer probabilities of interest here may
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represent either a single case or a combination of two of the cases distinguished above,
determined by the relative magnitudes of group width and maximum allowable energy
loss.
(i) Probability of Retention in Source Group
When the allowable energy loss is comparatively small [aEH) i >EL)i], only a fraction
of the neutrons in the source group are within reach of lower groups, and the transfer
probability for retention in the initial group is given by the relation
EH) 
J = a dE EL)i + f H)i dE (17a)
L)i AE) i E(1-a) JEL)i AE)i
a
EH)i EL)i in 1 } (17b)
AE)i E)i 1a a
In Eq. 17a the first term accounts for those neutrons that can be removed from the
group, the second, the remainder. When all neutrons in the source group can reach a
lower group [aEH) i < EL)i], the second term disappears and the transfer probability takes
the form
EH )i dE EEL)i (18a)
--- =(18a)ii EL)i AE)i E(-a)
1 L i Au)} (18b)
1 a AE) 1
(ii) Probability of Scattering to an Intermediate Group
In this case three distinct possibilities must be considered. First, the allowable
energy loss may be so small compared with group widths [aEH) i > EH)i] that not all neu-
trons in the source group can reach the object group. Of those that can reach the object
group at least some are limited to the upper portion of the lower group. The transfer
probability has the form
= a dE + a dE {)
i.J JE)i. SAE)i E(1-a) dE) _ (19a)
L~ i )j i 
a
AE)j EL) EH) AU) hE)j
= n ----- + + (19b)
AE i(l-a) LaEL)iJ AE)i(l-a) AE)i(l-a)
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Second, if the allowable energy loss is somewhat larger [EH) j > aEH)i > EL)j], all neu-
trons in the source group have access to the object group, although some are still limited
to the upper portion of the object group. In this event,
EL)j
L)i
dE AE) 
i E(-a)+
AE)i E(l-a)
AE)j
= --- ln
AE)i(1-a)1
E ).JH)
JEL)i
a
EH)i
+ ln
AE)i(l-a)1
d EH) - aE1
AE)i E(l-a) J
{ E) 1 aE ) EL.
E L)j{ AE)(1-a) H
Finally, when the allowable energy loss is comparatively large [EL)j >aEH)i],
trons in the source group have full access to the lower group and the transfer
takes the form
dEE _P Y EH)i dE E)
iJ EL)i AE)i E(1-a)
AE)j Au) i
AE) i (1-a)
(iii) Probability of Scattering to Lowest Permitted Group
all neu-
probability
(21a)
(2 lb)
As before, when the allowed energy loss is comparatively small [aEH) i >EH)J], only
neutrons in the lower energy portion of the source group have access to the lowest object
group. Also, by the definition of the "lowest permitted group," no neutrons scattered
from the source group have access to the full width of the object group. In this case the
group transfer probability is given by
EH)i
a dE EH)J - aE
L)i AE)i E(l-a)
EH)J H)J aEL)i
In --1+
AE)i(l-a) LaEL)i EH)J
In the special case when J = i + 1,
E L)i {l 1AE 1-a a
AE)i
(22a)
(22b)
(22c)
Alternatively, when the allowed energy loss is comparatively large [EH)J> aEH)i], all
neutrons in the source group have access to some portion of the lowest permitted object
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(20a)
(20b)
aE L)
group, and the group transfer probability takes the form
P dE {HJ (23a)
L)i AE)i E(l-a)
1- a H) J (23b)
Again, when J = i + 1,
P. .E iE) (23c)PiJ 1 - a L)i E)
3.3 NONELASTIC SCATTERING MODELS
a. Distinguishable Energy Regimes
The treatment of nonelastic scattering is more complicated. Below -1 Mev in the
heavier nuclides, and over most of the energy range of interest in the light nuclides, the
level spacings are sufficiently wide that individual levels can be distinguished. In such
cases the energy lost by a neutron in exciting a particular level in a scatterer is the
energy corresponding to the level plus the recoil energy of the scatterer; when the level
excitation functions either are known or can be estimated, the group transfer probabil-
ities can be calculated.
Above 2-3 Mev in the heavier nuclides, the level spacings are very close and tend
to overlap to form a continuum. In such cases neutron nonelastic scattering becomes
a statistical process and, in general, is amenable to treatment in terms of the statistical
model of the nucleus.
At high energies in the lighter elements, and at intermediate energies (approximately
a few Mev) in the heavy elements, the levels are sufficiently far apart that a true con-
tinuum is not yet established. On the other hand, the levels are too closely spaced to
permit measurement of excitation functions for individual levels. In this region an empir-
ical treatment is utilized to calculate approximate group-transfer functions.
b. Isolated-Level Model
In those cases in which individual levels can be distinguished and level excitation
functions measured, development of group-transfer probabilities is straightforward. The
energy of a neutron emerging from an inelastic scattering event may be calculated by
successively transforming into center-of-mass coordinates, accounting for energy loss
by level excitation and recoil, and transforming back to laboratory coordinates. Fol-
lowing the procedure outlined in Appendix A, we obtain
E { A 1 A + l v]}E (24)
A(A
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where E is the energy of the level excited, and all other symbols have their previous
definitions.
Invoking the assumption that nonelastic scatterings are isotropic, we see that the
average value of v, the cosine of the scattering angle, is zero. Hence, the average
value of the emergent neutron energy is given by the expressions
Af + 1 A E' 2 A 1 E (25a)
(A+ 1)
- o[E, E, A]E. (25b)
The operator indicated in Eq. 25b is the multiplier within the brackets in Eq. 25a, and
is introduced simply for convenience. The group transfer probabilities for this form
of scattering depend on whether scattered source group neutrons have access to only
the lower energy region of an object group or to the whole of the group, or to only the
higher energy portion. For these cases the transfer probabilities have the respective
forms
P.. =E1 [ EH)i- EL)] EH)i < EH) (26a)
Pij AE)i
AE)jj o EH)i > EH) j
P. - EiE (26b)
ij AE) o EL)i < EL) j
j 1 [EH)j - EL)i] L)i > EL)j. (26c)
Pij AE)i
c. Statistical Model
(i) Theoretical Basis
The statistical model of the nucleus was first formulated by Weisskopf 19 on the basis
of a suggestion attributed to Frenkel.20 The basic premise of the statistical model, in
Weisskopf's words, is that "the individual properties of the separate nuclear quantum
states are ... of no interest on account of the extremely small distance between the
energy levels of highly excited heavy nuclei; it is then possible to obtain statistical infor-
mation on the behavior of these nuclei by averaging over many quantum states of approx-
imately the same energy."
Pursuing Frenkel's analogy between particle emission from highly excited nuclei
and low-energy thermodynamic evaporation, Weisskopf was able to obtain expressions
describing both the energy spectrum of neutrons emitted from highly excited heavy nuclei
and, in later collaboration with Ewing, the absolute magnitudes of cross sections such
as that of the (n, 2n) reaction. The original work showed that the spectrum of emergent
neutron energies depends strongly on the nature of the level distribution in the residual
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nucleus. If the nucleus is assumed to be characterized by the Fermi degenerate gas
model, the spectrum of the first emitted neutron is Maxwellian in form and is given by
n(E') dE' = c's (E') E' -E'/T dE (27a)
c T r
The quantity c' is a normalization factor, E' is the energy of the emergent particle,
arc(E') is the cross section for formation of the compound nucleus, and T is the nuclear
temperature of the residual nucleus. The factor c (E') is usually taken to be constant,
yielding a distribution of the form
E' -E'/T dE' (27b)
n(E') dE'= C--e
T T
In the original formulation the concept of an average level density was used in deriving
the nuclear temperature and yielded
~~~~~~~~T Ca~C XU~ ~(28)
In (28) U is the excitation energy of the residual nucleus, and, in general, is given by
U = (E+BE) incident - (BE+2T) emitted. (29)
particle particle
(Note that T is equivalent to the quantity kT, where k is the Boltzmann constant, and
T is true thermodynamic temperature.) Here, BE signifies binding energy; the param-
eter P is a measure of the entropy of the residual nucleus and is predicted to be directly
dependent on mass number and independent of excitation energy.
Implicit in the Weisskopf approach is the hypothesis that, if multiple-particle emis-
sion is energetically permitted (as, for example, in (n, 2n) reactions), the energy spec-
trum of the second emitted particle will also be Maxwellian. It will, however, be
characterized by a somewhat lower temperature reflecting a decrease in available energy
equal to the kinetic energy of the first particle and the separation energy of the second.
Weisskopf and Ewing make the observation that the emission, from an excited nucleus,
of charged particles with energies below the Coulomb barrier should be strongly inhib-
ited, with an attendent distortion of the emission energy spectrum.
In a later reconsideration of the bases of the statistical model, Feld, Feshbach,
Goldberger, Goldstein, and Weisskopf 2 concluded, in 1951, that the experimental evi-
dence then available indicated that the level densities could be treated as constant for
several Mev above the ground state, with a subsequent exponential rise in keeping with
the Fermi degenerate gas model. This treatment yields an energy distribution of the
form
n(E') dE' E's (E') e dE', (30)
as compared with the original formulation expressed by Feld et al. 5 in the form
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n(E') dE' C E'oc (E') e P/E E' dE'. (31)
In these expressions E is the incident neutron energy, and Eo is the energy character-
izing the transition from constant level densities to densities varying exponentially. For
energies appreciably below the transition point, the emergent energy spectrum is pre-
dicted to be pronouncedly non-Maxwellian. Feld et al.2 also demonstrate theoretically
that, according to the statistical model, the angular distribution of the nonelastically
scattered neutrons should be isotropic.
More or less concurrently with the re-examination by Feld et al., Le Couteur inde-
pendently,23 and later with Lang, undertook an analysis of the statistical model in
which the average level-density method of Weisskopf was replaced by a treatment per-
mitting statistical fluctuations in level density. The inclusion of statistical fluctuations
reflects the incomplete rigidity of the nucleus and the effects of surface oscillations. The
equations of state derived by Le Couteur and Lang were independent of the model chosen
for the nucleus; Lang25 has observed, however, that the Fermi gas model is in agree-
ment with experimental results.
The Le Couteur-Lang treatment, with a few simplifying assumptions, yields for the
emergent energy spectrum
nl(E') dE' = C 1 E -E'/T dE (32)
in cases involving single-particle emission, and
/11 Et/T* dE'
n2 (E') dE' = C 2 e dE (33a)
T T
*11U (33b)
when emission of two successive particles is permitted. In the last case the excitation
energy, U, is given by
U = (E+BE) incident - (BE+T) first - (BE+T ) second . (34)
particle particle particle
It is interesting to note that Le Couteur and Lang use the quantity T, the most probable
energy of the Maxwellian, as the mean kinetic energy carried off by emergent particles,
while Weisskopf used 27T, the average energy (see Eq. 29). In either case the expression
for the excitation energy is an approximation.
(ii) Validity of the model
The validity of the statistical model in terms of both the emergent particle energy
distribution and the absolute cross section formulations has been investigated experi-
mentally by a number of authors. Graves and Rosen,26 Zamyatnin et al.,27 and
Prud'homme et al.,8 to cite a few, have measured the spectra of emergent neutrons
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arising from nonelastic collisions of 14-Mev neutrons with a wide variety of nuclides.
The experimental spectra show good agreement with statistical model predictions in the
range 0.5 Mev to 3 or 4 Mev, but tend to show more particles at higher energies than pre-
dicted by the model. Gugelot 2 9 demonstrates correspondingly good agreement for neu-
tron spectra arising from (p, n) reactions initiated in a number of elements by 16-Mev
protons. The accuracy of the experiments does not allow a clear choice among the
Weisskopf, Feld et al., and Le Couteur-Lang formulations.
Allen 3 0 - 3 2 and Colli et al.3 3 have investigated the energy spectra of protons from
(n, p) interactions induced by 14-Mev neutrons in medium weight nuclei. In such reac-
tions the Coulomb barrier exerts a strong influence on the emergent energy spectra. In
general, reasonable agreement of the measured spectra with statistical model predic-
tions is obtained at energies in the vicinity of the Coulomb barrier height. When (n, p)
and (n, np) reactions are expected to be in competition, the experimental spectra can
frequently be resolved into two Maxwellian distributions characterized by nuclear tem-
peratures corresponding to first-particle emission and second-particle emission.
The measured spectra in all cases show pronounced deficiencies in population com-
pared with a simple Maxwellian at energies appreciably below the Coulomb barrier
height. At energies well above the barrier, Allen observes well-spaced groups of pro-
tons in excess of, and in direct disagreement with, the predictions of the statistical
model. These strong high-energy contributions, together with the definite anisotropy
in proton distributions, are attributed to so-called direct, instantaneous or local boiling
interactions in which the incident particle interacts with only a few nucleons within the
nucleus before a particle is ejected. The relative likelihood of direct interactions, which
are observed to a lesser extent in reactions involving neutron emission, is increased by
the suppressing effect of the Coulomb barrier on low-energy particle emission when the
emitted particle is charged.
Although the absolute cross-section formulations derived on the bases of the statis-
tical model are of little direct interest in this study, some comment on their experi-
mental verification is in order, since the validity of these formulations implies, at least
in part, the validity of the basic model. Comparison of measured cross sections with
statistical model predictions has been attempted by a number of researchers. Weigold
and Glover3 4 have compared measured and theoretical (n, 2n) cross sections for a num-
ber of elements and find reasonably good agreement in all cases. Strohal, Cindro, and
Eman 3 5 also observe that (n, Zn) reaction cross-sections are well described by the sta-
tistical model with reasonable nuclear temperatures and radii. Strohal et al. 3 5 point
out, however, that consideration must be given to the influence of closed shells in
"magicH nuclei if agreement is to be obtained over wide ranges of target mass numbers.
Allen3 2 and Strohal et al.3 5 have investigated the agreement between theory and
experiment obtained in the case of the (n, p) cross sections at 14 Mev. Allen, in par-
ticular, concludes that the Le Couteur-Lang level density model, with appropriate allow-
ances for pairing energies and shell effects, yields theoretical (n, p) cross sections
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remarkably close to measured values. The pairing energies included by Allen were
based on independent measurements, a fact that strongly re-enforces the apparent valid-
ity of the statistical model. Strohal et al., using a less refined calculation of the theo-
retical cross sections, obtain somewhat poorer agreement between theory and
experiment.
A major source of difficulty in the statistical model is that of obtaining a suitable
value for the entropy parameter, . A number of investigators have attempted, both
theoretically and experimentally, to develop either analytical or empirical expressions
for the value of the parameter. The results of these efforts are generally in poor
agreement. Independent studies of given nuclides at a specific excitation energy show
on occasion serious disagreements; see, for example, Graves, 2 6 Zamyatnin et al., 2 7
and Prud'homme et al.28 The study of individual nuclides over a range of excitation
energies 3 6 shows definite but inconsistent dependence of on excitation. The generally
good agreement cited above between predicted and measured spectra derives, at least
in part, from the use of empirical values in a limited range of nuclide mass numbers,
and also from the relative insensitivity of the spectra to the value of the entropy param-
eter.
(iii) Development of transfer probabilities
In the present study, in cases in which the statistical model is expected to be appli-
cable, neutron group transfer probabilities were calculated by using the Le Couteur-
Lang multiple-particle formulation when ejection of two successive particles was
permitted by energetics, and the original Weisskopf formulation when single-particle
emission occurred. The appropriate normalization constants are given for the single
particle case by
Cl = ~{vmax nl(E') dE'} = 1 - + max) max/},; (35)
and for the double particle case by
-1
(36a)C2 =
C =, (36b)
In (36) r' signifies the gamma function tabulated, for example, by Hildebrand,37 and
represents the value of the integral over the spectrum. The denominator allows for
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the presence of a second particle whenever the emission of that particle is permitted.
The parameter E 1 defines the maximum kinetic energy that can be carried off by the
first particle if second-particle ejection occurs, and is given empirically as
E1 = E - BE - 0. 5. (37)
In both cases E sets the upper limit of the range of energies into which the particle
max
is assumed to be nonelastically scattered.
Experimentally derived values of the entropy parameter and of neutron emission
cross sections were used whenever available. A theoretical value of the ratio
(n, 2n)/ nonelastic is implicit in the multiple-particle formulation and is used as such.
In the few cases in which measured (n, 2n) excitation functions are available for com-
parison, the calculated (n, 2n) cross sections are in good agreement.
The final group-transfer functions derived from the statistical model take, the forms:
For single-particle emission:
E. j -E./T.
Pij = E)j 1(i ) e
1
. 656 J.-0.656Ei/ (37a)
with
Ti = (37b)
1
For double-particle emission:
-5/11
AE)j 1
_ 1
{ 4Ji - + 0. 656 O -0. 656Ei/Ti(i 1 6
2 - 1 - + . 656 e } (38a)
with
Ei) = Ei- BE- 0.5 (38b)
and
Ti - . (38c)As before, the subscripts i and denote source group and object group, respectively.12
As before, the subscripts i and j denote source group and object group, respectively.
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The parameters P1 and p2 are the single- and double-particle entropy parameters,
respectively.
(iv) Empirical model
Below the regime of validity of the statistical model of the nucleus there is, for most
nuclides of interest, a second energy region characterized by
1. more or less uniform level densities, and
2. level spacings too narrow to permit experimental measurement of the excitation
functions of the individual levels, but so broad as to preclude treatment in terms of a
continuum of levels.
Since in this energy region there are available neither experimental measurements
nor readily utilized nuclear models on which inelastic scattering calculations can be
based, estimates of the group transfer probabilities are developed here by using an
empirical scattering model. The nature of the model and the mechanics of calculating
the group-transfer probabilities will next be outlined.
Two assumptions underlie the model:
1. The neutron population in a given source group is uniform in energy.
2. The relative excitation functions of all levels affecting the inelastic scattering of
neutrons in the energy region in question are identical in shape and can be approximated
by a simple mathematical function.
A slightly modified Gaussian function has been selected to characterize the shape of
the unmeasured excitation functions. The choice of the Gaussian was based in part on
the fact that among the functions considered, it most nearly approached the shape of the
few measured excitation functions available and in part on convenience and simplicity
of treatment. The particular chosen function has the form
(E**) K e - { a (E**b)} 2 (39a)
where
E = A E - E (39b)
The ancillary condition
c E 2b - c, (39c)
is imposed. In this formulation, E is the excitation function, E is the incident energy,
E k is the energy of the level excited. E** is the excess energy available in the center
of mass system, and K provides normalization. The adjustable parameters a, b, and
c establish the shape of the Gaussian, the location of the function with respect to the
energy of the level to be excited, and the span of the symmetrically truncated function,
respectively. A typical approximate excitation function is sketched in Figure 4.
Consider now a collision in which a neutron of energy E excites a level at energy EX
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Fig. 4. Typical approximate excitation functions.
in a target nucleus. It is shown in Appendix A that the emergent energy, E', of the neutron
is given by
(A+l) - (A+) E E(
E' = A+ 1 + AZ A E A E(40a)
It is also shown in the Appendix that if the scattering is isotropic (an assumption well
supported by measurement), the average emergent energy, E', is given by
(A+1)[ A A}E (40b)
or, more simply,
AZ A B E'= + .A (40c)
L (A+) 1 J
This expression may be solved for E> in terms of E' and E to yield
A2+ E-(A+ ) _
EX(E, A+E- E' (41)
A(A+1)
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The probability, rr(E'), that a neutron emerges with average energy E' from a collision
induced by a neutron in group i is
() iH dE" max dE[ P(E") Q(E) E[ EI-E;I (42)
E.) EiL Xmin
where P(E") is the probability that the incident neutron has energy E"; Q(E ) is the dis-
tribution in energy of excitable levels in the scatterer; and E is the level excitation
function.
The integral over E has the effect of considering all allowed levels accessible to
neutrons in group i, Q(E.) being a set of Dirac delta functions locating the levels.
Assume, for the present, that
Q(E") = 6(E"-E), (43a)
which is to say that excitation is limited to a single level at E>
.
The assumption has
already been made that the neutron population in the source group is uniform in energy.
Hence, on a unit neutron basis
P(E") =_1 (43b)
AE)i
Substituting in succession (43a), (43b), and (41) in (42) yields, in turn,
( = )= dE" P(E") A Eh- E (44a)
(E') = Hi i dE A+1 'E (44b)
_ i L E)A
i EA 1i A 1 Irr(E t) = 1 A HidE IL+l E- 1 Elf] (44c)AE)i L)i A(A+ 1) 
Observe that in the argument of the excitation function, E' is weighted by (A+1)/A, while
E"' is weighted by 1/(A2+A). For nuclides of interest in these calculations, A 10 so
that the weighting of E' is of the order of unity, while that of E" is two orders of mag-
nitude smaller. For values of E' and E" in the range of application of this model, (E' >
0. 2, E" ~ 2); the term in E" may be safely neglected, at least to first approximation.
Thus
_ Hi A+
r(E') H) i dE" e A E',1 (45)
)i EL)i
and finally
[A ]Ei· (46a)
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where
c A , 2b - c (46b)A
The effect of the preceding manipulations has been to express the emission energy spec-
trum in terms of the emission energy itself rather than in terms of excess energy before
collision. Thus, within the approximation of neglecting a second-order term, E"/A(A+l),
the empirical model developed here predicts that the energy spectrum of inelastically
scattered neutrons is identical in shape to the assumed level-excitation function, but is
independent of both the incident energy and the energy of the level excited.
The assumption already made that all levels have the same excitation function allows
extension of the result just obtained for excitation of a single level to the general case
in Which a number of levels may be excited by neutrons in a given source group. Indeed,
it will be seen that the shape of the spectrum of emergent neutrons is unaffected by the
excitation of additional levels.
If more than one level can be excited by neutrons in a given source group, the exci-
tation function for each level is given by
E (E* ) I K e a (E ** -b (47a)
where
c E 2b- c. (47b)
Here, is the number of allowed levels. The emergent neutron spectrum is then given
by
FA+1 ]
-rr(El = rlEriL-F El (48)
Since the spectrum of inelastically scattered neutrons is not dependent on the energy
of the incident neutron, the group-transfer probabilities are simply the probabilities
that the scattered neutron appear in the several allowed object groups, and are given
to good approximation by
AE)
P.. (E, (49)
2(b-c)
where E. is the characteristic energy of group j.J
Finally, since the macroscopic cross section for excitation of all levels allowed for
incident neutrons in group i is identically n, n)i, the specific rate of transfer of neu-
trons from i to group j by inelastic collisions is given by
AE)
Rate = iZn, n,)i rr(Ej) Z - (50)
1 n~n 1 2(b-c)
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Throughout the foregoing discussion the assumption has been made implicitly that
all neutrons in a given source group may excite, on the average, the same number of
levels, and that the level distribution is approximately uniform. It is now necessary
to consider briefly the case in which the source group lies close enough to the threshold
for inelastic scattering so that
A
A +E - E)min < 2b - c. (51)
Since the low-lying levels whose excitation corresponds to emission of relatively high-
energy secondary neutrons do not exist for incident neutrons of energy less than
A + [E)min+(2b-c)], emission of scattered neutrons having energies in the upper end
of the emission spectrum is impossible. The net effect is the truncation of the spectrum
at energy Emax, where
E' - E E) A (52)
max (A+l) 2 A + 1 X min
The spectrum is then given by
[(,li; A~E'] ·1(53a)IT(E') = EA1 I] (53a)
where
c A E - E) (53b)
A A +1 - min'
Normalization of the emergent neutron spectrum to unity consists in setting
E'K-1 = Smax dE' r(E'). (54a)
E'
min
Substituting from Eq. 46a,
K- 1 = i max dE' e ( A )} (54b)
min
It is convenient to make the substitution
A + 1 E' (55)
A
which leads to
K-1 A1 2b-c d ' e- { a ( g- b )} 2 (56)
when the spectrum is not truncated. Carrying out the integration, we have
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K- 1 = AA - erf {a(b-c)}. (57a)
The function erf (x) is the error function or probability integral of argument x as defined,
for example, by Peirce.38 In the truncated case the normalization constant is given by
1 A 2aerfaA+ E-E)mi n + erf{a[b-c]} (57b)+ r A+iXminj
The parameters a, b, c, and E)mi n may be expected to be characteristic of the tar-
get nuclide. When one or more level excitation functions of a particular scatterer have
been measured, appropriate values of the parameters a, b, and c may be derived by
empirically fitting the general excitation function to the measured results. For most
nuclides of interest in this study, measured excitation functions are not available.
Accordingly, the values
a = 3, b= 0.8, c = 0.2
were used for all nuclides considered. These values were derived from measured exci-
tation functions for lead, and give reasonably good fits to the few other excitation func-
tions available. With these parameters the group-transfer probabilities assume the final
forms
:+1 A+1
Pij 1. 711 E) exp 3 (A E - 0. (58a)
for the normal (untruncated) case, and
Pij = 2. 821)- }] AE) exp[-(3 A+ 1 Ej-0. 8)2]
erf 3-A EE)min}] + 0. 98909 (58b)
for the truncated case.
3.4 ANGULAR CORRELATION MODELS
Before considering the problem of neutron transport between collisions, it is appro-
priate to make some remarks regarding angular correlations in the several scattering
reactions. Examination of differential elastic scattering cross sections, obtained either
by direct measurements (as tabulated by Hughes and Carter3 9 and Gerardo, 4 0 for
example) or by optical model calculations (e. g., by Bjorklund and Fernbach1, 42), indi-
cates that neutrons of high angular momenta become important in elastic scattering reac-
tions at incident energies above a few Mev. As the incident energy increases, the
influence of the high angular momentum events becomes more pronounced and elastic
scatterings become correspondingly more nearly straight ahead. Furthermore, the ratio
of p-wave and higher neutrons to s-wave particles increases directly, although not lin-
early, with the atomic mass of the scattering centers, as well as with the energy of the
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incident neutrons, The result is that in the heavier scatterers nearly all neutrons having
energies greater than -5 Mev emerge from elastic events with only slight changes in
direction. In lighter scatterers the anisotropy at corresponding neutron energies is
somewhat less pronounced but is still significant. For incident energies below -5 Mev
the lighter scatterers tend to yield more nearly isotropically distributed neutrons as a
result of elastic events, while the heavier scatterers still yield a fairly straight-ahead
distribution.
In an attempt to approximate the effects of neutrons of higher angular momenta with-
out unduly complicating the treatment of the problem, the following assumptions
regarding elastic collisions will be made.
1. Above 5 Mev all elastic scatterings are straight ahead, regardless of the atomic
mass of the scatterer.
2. Below 5 Mev elastic scatterings in the lighter nuclides are isotropic.
3. Below 5 Mev elastic scatterings in the heavier nuclides are treated as a mixture
of straight-ahead and isotropic scattering.
Classifying nuclides as light or heavy is justified in that no nuclides of interest, with
the possible exception of nickel, are in the range 20 < A < 90. The selection of 5 Mev
as the boundary between pure straight-ahead scattering and mixed or pure isotropic scat-
tering is, of course, somewhat arbitrary. The particular value chosen represents a com-
promise based on the individual characteristics of the various nuclides of interest. The
calculated fluxes and reaction rates are expected to be rather insensitive to the value
chosen for the transition energy, since the neutron population in the energy region above
a few Mev, but below fusion source energies, will be small in any practical system,
owing to nonelastic scattering effects. A discussion will be given later when theory and
experiments are compared.
Nonelastic scatterings in nuclides of interest proceed almost without exception via
an intermediate compound nucleus. Since the basic premise of the compund-nucleus con-
cept is a complete separation of the mechanisms of excitation and de-excitation, all such
collisions are isotropic in the center of mass system. Experimental measurement bears
this out rather well. In a few cases direct experimental measurement has shown that a
sizable fraction of certain nonelastic events, notably those involving light scatterers or
charged-particle emission, by-pass formation of a compound nucleus and yield aniso-
tropic emergent neutron distributions. With one exception these events are of suffi-
ciently minor importance so that anisotropy can be safely disregarded; the single
exception involving carbon is amenable to treatment as a pseudo-elastic scattering.
Accordingly, it is assumed that all nonelastic scatterings are isotropic regardless of
incident neutron energy or target mass number.
Two final remarks are in order. First, on considering conservation of momentum,
it is evident that a neutron emerging from an elastic scattering with little loss in direc-
tion must perforce have lost only a small amount of energy compared with the total
allowable energy loss. Since neither direction nor energy has been appreciably disturbed
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by the event, to a first approximation, it did not occur. Hence, elastic collisions, par-
ticularly in the lighter elements, in which the neutron remains in the source group after
scattering, may be disregarded without serious error. In the heavier scatterers where
transfer from one energy group to another is less likely, the argument is re-enforced
by the principle of detailed balance, provided the neutron flux is approximately isotropic.
According to this principle, changes in direction as a result of collisions tend to cancel
if the neutron population is large. In heavy scatterers this leads to little loss in direc-
tion and, coupled with little loss in energy, nonoccurrence of the collisions.
Second, in view of the neutron spectra predicted by the statistical model, it is safe
to assume that, in the high incident energy region where nearly all nonelastic scatterings
follow the statistical model, all emergent neutrons appear at energies well below the
incident energy. In particular, the assertion is made that all nonelastically scattered
neutrons lose at least one-third of their incident energy to residual nucleus excitation.
Inelastic excitation of discrete levels at low incident energies occasionally violate this
assumption. Such events are adequately treated by considering them pseudo-elastic in
nature.
On the basis of the foregoing remarks, three separate energy regimes may be dis-
tinguished in terms of the scattering angular correlations that characterize them. Neu-
trons appearing in the highest energy regime are the products of straight-ahead elastic
scatterings only. In the next lower region neutrons may appear by virtue of isotropic
nonelastic events or straight-ahead elastic events. In the lowest region neutrons are
born isotropically, regardless of the scattering mechanism by which they result.
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IV. NEUTRON TRANSPORT MODELS
4.1 INTRODUCTION
Neutron transport can be treated by three basic methods: integral transport, differ-
ential transport, and diffusion models. Each formulation has advantages that recommend
its use in some applications and disadvantages limiting its values in others. We shall
now explore each formulation, with particular emphasis on those aspects of the models
that are relevant to the present problem. There is only one case in which a nontrivial
analytic solution to a multigroup, multiregion problem is readily derived. We shall
develop this solution for a number of configurations of interest. Solution of all other
cases can be obtained by numerical methods, the nature of which will be the subject of
Section V.
We have made a general assumption that the several geometric configurations to be
considered are all one-dimensional in space. Scalar neutron fluxes and neutron-induced
reaction rates in each configuration are assumed to be dependent only on energy and on
a single spatial coordinate measuring distance from the first wall. The assumption has
also been made that the external boundaries of all systems considered are perfectly
absorbing. No neutrons, having once left the system, return.
4.2 INTEGRAL MODEL
a. Defining Equations for Integral Transport Theory
The integral transport formulation expresses the vector flux at a given spatial point
in terms of the sum of all possible sources in the system, each source being weighted
by the probability that a neutron born at the source point will contribute to the directional
flux at the point in question:
b(r, ,u, v) = H dr' S(r', ', v') T(r', ~l', v '; r, ,u, v), (59)
all
space
where (r, p±, v) is the directional flux at spatial coordinate r characterized by directional
cosines ,i and v with respect to the axes of the coordinate system. S(r', ',v') is the
source strength of neutrons born at position r' with directional cosines jx' and v', and
T(r', ix', v'; r, pi, v) is the probability that a neutron born at r' with initial direction spec-
ified by ix' and v' will eventually contribute without an intervening collision to the direc-
tional flux (r, p., v).
The formulation of the probability factor or, more properly, the transport kernel,
may be illustrated by considering the describing equation in a system composed of two
identical opposing slabs finite in depth only and separated by a slab void. This system
is a first approximation to the infinitely long annular cylinder representing the
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hypothetical thermonuclear reactor. In the slab arrangement symmetry obtains so that
a single directional cosine defined with respect to a normal to the slab surface suffices
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Fig. 5. Slab configuration.
to specify the direction of the vector flux. The system is sketched in Fig. 5.
system the directional flux, +(x, pI), is given for the monoenergetic case by
In this
$(x, ) = u +( p ) pS(x', ) exp[-jf (x-x' + u+(I) X S(x', -) exp[ r - (x+x')]IL , ~L) · ~I~i sLr' S~x', ) ex,
(60a)+u u() SX (x ,-I) exp (x-x ,
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where the functions u (B) and u (L) are so defined that
u (F) = 1, u () = 0
u (F) = O, u () = 1
when B > 0
when i < 0.
(60b)
The corresponding scalar flux is given by
(61)(x) = 1
1
The first two terms on the right-hand side of (60a) evaluate the contributions to the
forward-going flux (in the increasing x sense) because of sources in the right- and left-
hand slabs, respectively. The third term gives the contribution to the backward-going
flux caused by sources in the right-hand slab. As is evident from the presence of factors
of the form dx/i±, the integrations are in effect summations along lines of flight of the
Fig. 6. Diametral plane in spherical configuration.
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neutrons. In this formulation a neutron scattered in angle, with the probability of such
an event given by Z r' is considered lost as far as its contribution to directional fluxes
at more remote points on its initial line of flight is concerned. The scattering event does
constitute, however, a source that will contribute to vector fluxes of the appropriate
direction along a new flight path. Thus the collateral source equation in the monoener-
getic case is simply
S(r, p.) = 1 d' (r, ') Er Tr('; ), (62)
where the quantity r(u'; ,u) describes the angular correlation appropriate to the scattering
event.
Observe that the directional cosine characterizing a neutron during its flight from
source to sink is invariant with respect to the position of the neutron along its flight path;
that is, a neutron appearing as a source neutron at (r, pl) contributes to directional flux
at (r, D). This property is characteristic of the slab configuration and is the basis for
an important simplification in the general problem of neutron transport when the problem
is formulated in the slab. In the more general case the directional cosine describing the
orientation of the neutron velocity vector with respect to the local radius vector varies
continuously with position along the neutron flight path, and the solution of the integral
transport equation is more difficult.
Consider as an illustration the monoenergetic problem formulated in a spherical
shell. As in the slab, a radial coordinate and a single directional cosine suffice to spec-
ify position and direction. Details of the configuration in a diametral plane containing
the neutron flight path are shown in Fig. 6. The directional flux is now given by
(p.) yr dr' -Y (r4-r'p')tr[
dr' r r(rp.) = u() ,S(r', ') e 
r o ' r
+u-(~) o dr' S(r'~') e r(rp r (r') 2
+ u p.) r 1~11~ (r',p.1 · ~2')''1'' e''' r - (63a)
The directional cosine ' collateral with the flight path at radial position r', and yielding
directional cosine at point r, can be expressed in the form
p' = /1- ,) (1- 2 ) . (63b)
Integration thus proceeds along flight paths whose orientation with respect to the radius
vector varies continuously with position.
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In a cylindrical arrangement, two directional cosines, describing azimuthal and ele-
vational orientation, are required. If these cosines are designated and v, respec-
tively, and symmetry in the elevational direction is invoked, the directional flux in the
cylinder is given by
dr' r', ' rj(r,p, v) = u+(p) S(r, , v) exp[--- (r-r'L')] ()
r 
Ro rd/
+ u (F) So dr' S(r',l',v) exp[- (r' '-r)] (r). (64)
Although the elevational cosine, v, is independent of position along a flight path, the
dependence on position of ' in azimuth is clearly evident, and is indeed identical to the
dependence of the symmetric directional cosine on position noted in the sphere. In the
cylindrical case the symmetry existent in the elevational direction allows consideration
to be limited to only the positive values of the elevational directional cosine. Hence, in
this case, the scalar flux is given by
(r) d dv d c(r, , v). (65)
1
b. Merit and Demerits of the Integral Model
It should be noted that in the integral transport treatment, conservation of neutrons
is obtained implicitly (rather than explicitly as in the differential methods). "Implicitly"
is used here in the sense that sources and sinks are balanced over the region of compu-
tation, but a direct statement of balance in a differential volume in the region of interest
is not included in the defining equation. The integral method is susceptible not only to
errors arising from approximate evaluation of the integrals, as are all methods, but also
to accumulation of errors in iterative solutions. The integral formulation has the decided
merit, on the other hand, of making it possible to assess directly contributions to the
vector flux at interior points resulting from sources exterior to the region of calculation.
An illustration of the method of treating appropriate external sources, and the implica-
tions of this characteristic of the integral method, will be developed in this section.
4.3 DIFFERENTIAL MODELS
a. Defining Equations for Differential Transport Theory
The differential transport formulation expresses the vector flux at a given point in
terms of a balance of currents, sources and sinks in a differential element of volume
38
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including the point. In its general form the defining equation is given as
Q * gradx (r, Q) + rt(r, Q) = S(r, ). (66)
In this formulation [ specifies the direction of the vector flux, and the operator grad x
is the gradient operating in physical space. More convenient equations in terms of the
directional cosines that have been used previously can readily be formulated. Following
Carlson, expressions appropriate to the several configurations of interest are given
as follows:
Slab
a
i-p 4b(r, ) + Zr(r, p.) = S(r, p.); (67a)
Sphere
a (1_-2) _
ar +r }(r, ) + 'rO(r, ) = S(r, .); (67b)
Cylinder
{ - _ -r+ r 4]} (r, Lv) + r ,v) = S(r, , v). (67c)
b. Defining Equations for Diffusion Theory
Diffusion theory also makes use of the concept of neutron balance in differential vol-
umes. In fact, the essential differences between the diffusion model and differential
transport theory, at least for the purposes of this study, lie only in the manner in which
leakage is described and in the use of scalar flux in diffusion calculations in lieu of the
directional flux of transport calculations.
The describing equation has the familiar form
-V- DV7(r) + ZrO(r) = S(r), (68)
where D is the diffusion coefficient, and V7 the differential vector operator. Expressing
the divergence of the gradient in terms of the positional coordinate in the several con-
figurations of interest, one obtains
Slab
a D a (r) + =(r)  S(r); (69a)
Cylinder
r ar {rD ar (r)} + r(r) = S(r); (69b)
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Sphere
2 8rr (r + r(r) = S(r). (69c)
c. Merits and Demerits of the Differential Models
By comparison with the integral transport method, several important characteristics
of the differential transport and diffusion models are evident.
1. These two methods have the common property of requiring neutron conservation
at all points in space. Hence accumulation of errors introduced by numerical integration
of the differential equations is avoided when iterative solutions are necessary.
2. In both formulations the flux at a point is dependent explicitly on sources only in
the immediate vicinity. Therefore the dependence of the azimuthal or symmetric direc-
tional cosine on position along a neutron flight path, which poses a serious complication
to the integral treatment of cylinders and spheres, is of no consequence in the differen-
tial transport and diffusion treatments.
3. The flux at a point is linked to sources at more remote points only by gradient
operators. Hence description of the influence of sources external to the region of com-
putation on fluxes at internal points requires the intermediate agency of boundary con-
ditions.
4.4 GENERALIZATION OF THE MODELS
a. Multiregion Applications
All three models discussed thus far in the context of a monoenergetic problem for-
mulated in a homogeneous medium can readily be generalized to systems involving spa-
tial and energy dependence. In the foregoing discussions the assumption of a single
homogeneous medium has been made in the interests of simplicity. When vector fluxes
are being treated explicitly, generalization to a succession of individually homogenized
subregions or to media whose neutron attenuation properties vary continuously with the
spatial coordinate can readily be accomplished, at least in the formal sense. The con-
stant removal cross section, ]Dr, need only be replaced by a variable, E (r), whose mag-
nitude depends on position. In diffusion calculations treating scalar fluxes only, the
simple substitution of a variable r (r) breaks down at boundaries, and average values
of the diffusion coefficient and the removal cross section, the former based on conser-
vation of neutron current, must be incorporated with attendant loss of accuracy.
b. Multigroup Applications
By utilizing the group transfer probabilities, P.. discussed in Section III and appro-
priate scattering cross sections, s)i , and by writing the source equation in the form
S (r, pi, v) = 5 dv' d~' i(r, ',v' ) s)i Pi ,v';,) (70)Sj(F.~ ~ _l1 51iS d.$1 1J
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generalization to a succession of monoenergetic cases or, for the purposes of this study,
to a multigroup treatment is obtained.
In keeping with the remarks made at the end of Section III, only the purely straight-
ahead and purely isotropic directional correlations, characterized in the source equation
(70), by rr(i', v'; , v), will be considered. In these limiting cases the multigroup source
equation for straight-ahead scattering takes the form
Sj ( r' , v)= r, v) J)= Pij (71)
and for isotropic scattering,
i +.(r)
Sj(r, , v) = Z Ys) P (72)
4.5 TREATMENT OF IN-GROUP SCATTERING
An interesting comparison of the several neutron transport methods may be made by
considering the effect of "in-group" sources. By this is meant those sources arising
from scatterings in which the incident neutron loses so little energy in scattering that it
remains in the source group after the collision. Such sources are of greatest importance
in media composed of heavy nuclides, particularly for energies near or below the ine-
lastic threshold. In default of direct analytical solutions to the relevant equations, such
sources can be treated explicitly only by iterative solutions. As we have pointed out,
the integral transport method is subject to accumulation of errors during iteration. Thus,
only single-pass solutions in which the in-group sources are ignored by virtue of the
arguments cited at the conclusion of Section III are practical. The differential transport
and diffusion treatments do not accumulate errors, and iteration with direct incorpora-
tion of the effects of in-group sources is entirely feasible. Diffusion theory has the addi-
tional advantage of including at least an approximate compensation for the transfer from
the center-of-mass coordinates, in which collisions actually occur, to laboratory coor-
dinates where the calculations are made. In anticipation of some later remarks, it may
be noted that in blanket configurations of interest, calculations made by integral trans-
port procedures excluding in-group sources, and by differential transport or diffusion
methods including these sources, show little dependence of over-all effects such as
tritium-breeding ratio on the method of calculation, at least at the higher energies. Local
effects, particularly capture in heavy media, do reveal marked influence of method on
result.
4.6 OUTLINE OF AN ANALYTIC SOLUTION
a. The Formulation Considered
Although solutions for various restrictive cases are known, generation of analytic
solutions to any of the describing equations in a typical multigroup-multiregion problem
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of practical interest is, on the whole, prohibitive. In most cases recourse is had to
numerical solution of equations by utilizing various approximation techniques of which
more will be said in Section V. In the specialized, but none-the-less interesting, case
of pure straight-ahead scattering at high neutron incident energies, a convenient analyt-
ical solution can be obtained for multigroup-multiregion formulations of the integral
transport method in all configurations of interest.
It has been observed in discussing the directional correlations appropriate to neutron
transport calculations that neutrons appearing in the region of highest neutron energies
are either uncollided or are the product of straight-ahead elastic scattering. It has also
been stated that the integral transport method alone has the capability of treating external
sources directly. Hence the one case in which an analytical solution, exact within the
validity of the straight-ahead scattering approximation, is available is precisely that
which permits a direct assessment of the effect of the distribution of the fusion-born
primary-source neutrons on fluxes and reaction rates within the blanket assembly
proper. We shall now outline the method underlying this analytical solution and sum-
marize the results of pursuing the method in configurations of interest.
b. Method of Attack
Consider the integral formulation in terms of the external sources. The contribution
to the vector flux having a prescribed orientation in a specific energy group and at a
given interior point in the spatial region of computation, because of these external
sources, is the product of a source integral factor and a "collision factor." The source
integral is the sum of the contributions to the directional flux in question of all allowed
differential source volumes in the absence of neutron attenuation by collision. The col-
lision factor is the probability that a neutron born in the external region will experience
appropriate elastic scatterings during its passage from the source to the interior point
such that it arrives at the desired point in the specified energy group.
c. Development of the Collision Factor
It is convenient to discuss the details of the calculation of the two factors in reverse
order. Consider a medium which, for simplicity, is homogeneous and establish a gen-
eralized space coordinate, p, whose exact nature depends on the configuration, to rep-
resent distance from the medium first surface to a specified interior point measured
along a flight path.
Depending on the number of energy groups intervening between the source group and
the object group, several different combinations of elastic scattering events involving
transfers from group to group can yield a neutron in the specified group at the required
point. Several such processes involving the source group and the next two lower energy
groups are diagramed in Fig. 7. It is now desirable to define three probabilities: Li(P)
is the probability that a neutron in group i will travel a distance p without experiencing
a collision; Mi j n p(P) is the probability that a neutron incident on the first wall of
42
_ __
Gloor
Gowp
K
YletA t.o
G rout,
GroupYteA I-"
i
k
o11 q-o CA C roup tV4r CLustd .L1 L tol)LSIWI
Fig. 7. Schematic life histories of primary-source neutrons in a
homogeneous medium.
the medium in group i will experience successive collisions in groups i, j ... n and
emerge in group p while penetrating to depth p; Ni p(p) is the total probability that a
neutron incident on the first wall of the medium in group i will be in group p when it
has penetrated to depth p. Applying these definitions, one may write immediately
Nii(p) = Li(p) (73a)
Nij(p) = Mij(p) (73b)
Nik(P) = Mik(P) + Mijk(P), (73c)
and so on. One may now proceed to evaluate the first few L and M probabilities. One
obtains immediately
L.(p) = e r i (74)1
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where Zr iis the group removal cross section for group i. If the scattering cross sec-
tion, Zsl i is incorporated, there follows
Mij(P) = dp' Li(P ) s i PijLj(p-p').
Substituting, one obtains
Mij(P) = ZsIi P ij dp' e ri
Performing the integration yields
Mij(p) = l i P j
- ri P
i j F, r i
(75)
(76a)e
e- r I j P
+2Ii- 2 ' (76b)
The procedure is readily extended to include three groups by considering
Mijk(P) = 5P dp' Mij(P') s j Pij Lk(P-p').
Substituting and integrating, one gets
Mijk(P) = sli Pij sj Pjk{ r Z ip + zrIjPe + e rj f(z rl j-E r i) (Er Ik-isr I i) (M r [ i-z Ir j)(isr I k- I j)+ e- rlk e
(77a)
Kt
(77b)
By analogy, the probabilities for scattering chains of arbitrary length can readily be
formulated.
The nondivergence of the Mij probability in the limit as r Ij approaches Zr i is eas-
ily demonstrated by considering the series expansion of M... Thus
zs Ii ij
M;.(p)
- rli p
e rlij (78a)
which (yields upon i )
which yields upon expansion
Z s i Pij (2
Mij(p) = r_ Z)p - (I r_j P'
3
1_I3 23 ) jE - +
(78b)
and finally,
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(M r I i- z r I k)(Yr I j- z r I k)
ij() = sli ij p -(rlj+ rli) 2! + '''rlj+'rljri' ·i)
Consider the limiting case:
Limit Mij Z - 2 2! + 3(i + 78d)
'r I j_-r i i. rijp + 2 rliT! ..
Limit =Mij =si Pij{P e ri. (78e)
Extending the series expansion procedure to a chain of two scatterings, and considering
the limit as both r j and Zrlk approach Zr i' one obtains
Limit Mijk = "s i Pij sj Pjk e (79)
r~k-rI ii(79)
By analogy, the nondivergence of chains of arbitrary length is demonstrable.
d. Collision Factor in Multiregion Configurations
The foregoing method of calculating group-transfer factors (as opposed to the Pi
probabilities) in homogeneous media may be extended to multiregion systems by
assigning the requisite probabilities in each subregion and by using spatial coordinates
in each subregion measured from the first surface of the subregion. The analytical
expressions for the L, M, and N probabilities in the subregions are formally identical
to those developed above for the single-region case. Since distances are to be defined
with respect to the subregion first surfaces, the generalized spatial coordinates a and
b will be used to measure penetration. Also, the superscripts A and B will be intro-
duced to differentiate probabilities defined in terms of nuclear properties in subregions
A and B, respectively, where A is the first subregion encountered by primary source
neutrons.
In the straight-ahead scattering approximation with all primary sources specified to
be outside of the region of computation, events occurring in subregion B have no bearing
on those in subregion A if primary-source neutrons encounter A first. Thus the NA
probabilities are precisely those of a single-region problem. On the other hand, neu-
trons emerging from the last surface of subregion A constitute the sources for subre-
gion B, and the N B probabilities must, in general, include a greater variety of life
histories than did the homogeneous case.
Combining appropriate probabilities in subregions A and B, and considering neu-
trons at penetration p = A + b, one obtains for the over-all probabilities of appearance
of neutrons in the first three groups at depth p
45
A B
Nii(p) = L (A) L. (b) (80a)
A B A BNij(p) = L (A) M (b) + M j(A) L. (b) (80b)
Nik(p) = LA(A) M Bk(b) + L (A) M k(b)ik i ik i ijk
+ MA (A ) LB(b) + MAk (A) Lk (b) + Mij(A) MJk(. (80c)
Obviously, the permutation of transmission and collision terms soon becomes unman-
ageable as the neutrons are pursued through additional groups in many-region systems,
although the procedures are straightforward.
e. Development of the Source Integral
In a homogeneous slab medium, the directional flux in energy group p at true depth x
along a normal, resulting from an external isotropic group i source, is
(X+x) 2 S(X(x, W) d d \ c X 2r cos tan do Ni( x (81a)
cos 
In this expression the variable of integration, , measures true depth from the first sur-
face into the source region, the integral extending over the full depth of the region. The
angle w = cos -1 specifies direction. Since the group-transfer factor Nip is independent
of source, the equation can be written as
_____d=a se dX 2n(X+x) ) S(X) cos 2
(x, ) dw = Npcoc c tan d . (81cosb)
source 1 f 41T(X+x) 2
The direct coupling of exterior sources to interior fluxes is evident in the presence of
the quantity (+x) in the source integral.
If the assumption is made that the primary sources are uniformly distributed in a
slab Y units thick with specific source strength S, Eq. 81b reduces to
O(xfi) do = Nip.cos @) 2 tan a do i d\. (81c)
On transforming to directional cosines,
p(x, 1p) d = Nip(-) 21 do. (81d)
The quantity SY/2 L is the unattenuated source integral desired. It is obvious that sim-
ilar derivations will yield appropriate source integral factors which are, in general,
functions both of the source configuration and size and of the penetration into, and con-
figuration of, the region of computation.
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f. Source Integrals in Other Configurations
A number of configurations are of immediate or potential interest within the scope
of this study. Included among them are slabs with slab sources emitting neutrons either
straight ahead or distributed in angle, cylinders with line or cylindrical sources, and
spheres with point and spherical sources. Rather than reproduce the straight-forward
but tedious derivations yielding the source integrals and the effective penetrations
required by this analytical solution of the transport method in the several configurations,
it is considered sufficient to tabulate these expressions for each configuration. In Table 2
the source integral and penetration distance for each of the various configurations are
listed. In each case the sources are assumed to be isotropic (except in the slab/
distributed source configuration) and uniform. The source strength is normalized to
Table 2. Source integrals and penetration terms for analytic solution of the integral
transport formulation for straight ahead scattering.
Geometry/Source Source Integral Penetration
Slab/Straight Ahead
(sec- 1 cm- 2 )
Slab/Diffuse Slab
(sec- cm-2)
Cylinder/Line
(sec- cm- 1 )
D(i)
(as specified)
1
2Tr(R+r) 1 - v
Cylinder/Cylinder
(sec-l cm- )
R2p- (R+r) 2 (1- Z 2)
2 ?_ /'1 - B'2 - v2R2 TPR 1 v
p
(R+r)u- /R 2- (R+r) 2 (1-p 2
Sphere/Point
(sec - 1 )
1
4Tr(R+r)f
r
Sphere/Sphere
(sec )
3/R2p- (R+r)2 (1-u z )
p
4rrR 3
p
(R+r) - V/R2- (R+r) 2 (1-}±2 )
R is the source radius
p
R is the inner-wall radius
x, r are normal depths
., v are directional cosines
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1 x
x
r
V
I
unit neutron per unit time per unit dimension in the unbounded direction. The penetra-
tions are measured from the first surface of the appropriate subregion.
GLOSSARY
Symbol
A
D
D(p.)
Y, Rp
L, M, N
P
R
Ro, X
S(r, i, v)
S(r)
T
a, b, p, p'
r,r',x,x'
X
, 11', V, V'
r
s
q(r, ji, v)
+(r)
Superscripts
A
B
i, j, k, p
Reference
Total thickness of subregion A
Diffusion coefficient
Source directional distribution function
Maximum dimension of source
Group transfer factors
Group transfer probability
First surface radius
Maximum dimension of attenuator
Directional source strength
Scalar source strength
Transport kernel
Generalized penetration distances
Spatial coordinates in attenuator
Spatial coordinate in source
Directional cosines
Directional correlation in scattering
Macroscopic removal cross section
Macroscopic scattering cross section
Directional flux
Scalar flux
Angle
Unit
cm
cm
cm
cm
cm
-3 -1
cm sec
-3 -1
cm sec
cm
cm
cm
-1
cm
-1
cm
-2 -1
cm sec
-2 -1
cm sec
Unit vector
Reference
Subregion A
Subregion B
Energy groups
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V. METHODS OF NUMERICAL APPROXIMATION
5. 1 INTRODUCTION
It has been pointed out that analytical solution of the neutron transport equations in
any of the three common formulations in typical multigroup, multiregion problems is not
practical except under restrictive circumstances. One such limited solution, which is
directly applicable to the present problem, was developed in Section IV.
In default of direct analytical solutions to the transport equations in more general
cases, we must have recourse to one of two alternatives. Either concessions must be
made in the physics of the problem and simplified physical models that are amenable to
analytical treatment must be utilized or approximate solutions to the more realistic (and
less tractable) equations that better describe the true problem must be accepted. For
the purposes of the present work, more useful answers to the problem of blanket feasi-
bility can be obtained by pursuing the latter choice and making use of various approxi-
mate numerical equivalents to analytic operators.
Many numerical methods have been developed in recent years to expedite numerical
solution of the neutron diffusion equation, especially for configurations of interest in
thermal nuclear reactor applications. Representative of these various techniques are
those utilized by Varga 4 4 and Bilodeau4 5 and by Fischer. 4 6 ' 47
Of more direct interest in the present study are methods suitable for use in solving
the defining equations for the differential and integral transport models. Techniques
appropriate to the differential model have been developed in the past under the general
title of the Sn method. This study uses the original Sn formulation of Carlson with but
minor variations. Relevant details concerning approximations and procedures are to
be found in the original descriptive report. 4 3 Efforts directed toward solving the integral
transport equations have been more along the lines of introducing approximations in the
physical models and developing analytic solutions to the simplified equations. The
moments method developed by Spencer and Fano4 8 ' 49 and applied by Certaine, 5 0 among
others, to problems dealing with neutral-particle transport in infinite homogeneous
media, is indicative of the general method of attack.
On this account it has been necessary to develop an approximate method for solving
the integral transport equations in the various configurations of interest. It is the pur-
pose here to outline several of the numerical approximations that have been used in
treating the integral transport model.
The computation of the scalar flux at a point in terms of the integral transport method
involves carrying out two successive integrations. The first proceeds along a neutron
flight path and sums the contribution of sources to the vector flux; the second is over
direction and computes the contributions of the vector fluxes to the scalar flux. In all
but the highest energy regime, in which the straight-ahead scattering approximation per-
mits exact spatial integration, both of these integrals are evaluated approximately to
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yield values of the directional and scalar flux at discrete mesh points in space and direc-
tional cosine.
5.2 SPATIAL QUADRATURE
a. Defining Equations
The spatial integration can be reduced to a series of integrations over intervals lying
between successive space points. The integral over one such interval has the forms:
In the slab
I = V S(x', ) exp (X-x') ; (82a)
1X, I II
In the cylinder
= r 2 dr' r
rI 2(r)2 1 12) ( 
- r
I- dr' r S(r' , )()
2r 2 21 aJ(r) - r (1-p. )
* exp[ {/(r') 2 -r 2 (1-p 2) - JR 2 r2( 2)}. (82c)
In these expressions r1 and r 2 or, alternatively, x and x2 are the spatial locations of
the bounding mesh points, R or X is a reference location, Z is the removal cross sec-
tion, and o- has the value (±1), the sign depending on the direction of neutron travel.
Unprimed space and directional cosine variables refer to the directional flux that is being
evaluated. It should be noted that values of the source strength, S(r, W), are available
only at mesh points.
b. Treatment of the Slab
The slab case is obviously the most tractable and will be treated first. With the
substitution
· · · ~·r~·P =(83a)
Eq. 82a takes the form a m
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I = e(X) P 2 dp S(p, ) eP
P1
The source is approximated by a linear function of path length, so that
S'(p, pu) ap + b
with
S(x 1 , ) - S(x 2," )
x 1 - x2
and
XlS(X2 , ~i) - x 2 S(x 1, ±)b =
X1 - X2
If Eq. 84a is substituted in Eq. 83b, analytical integration yields
~e-P(X) P
and, f el {[a(p-l)+b]eP l
and, fnPZ
and, finally,
pX) {[a(p 1-1)+b] e - [a(p2 - 1)+b] e I~~~~~~~~~g (85b)
The quadrature expression could, of course, be expressed in terms of the original vari-
ables, but computation is simpler with the p variable.
c. Treatment of the Cylinder
The cylindrical integration proceeds in much the same way.
terms of path length in the form
=- (r) - r (1-[ )I
we obtain
With a substitution in
VI = e- p(R)I = 2 -r
r2Z
{p2+Z2}1/2 e P
Sp1 2 dp S(p, ')1
2 i ev 
Integration is expedited by making the approximation
S'(p, W') {PZ+k2}1 / 2 = a(p 2 + k 2 ) + b,
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(83b)
(84a)
(84b)
(84c)
(85a)
where
(86a)
(86b)
(86c)
(87a)
- -- ----- 
~~- 
where
v r2S[r2.' I(r 2 )] - rlS[rl (rl )]
a 872 2
r2- r1
b = - rlr2V 2~
r 2 S[r l , (rl)] - rS[r2 , (r 2 )]
r
2 2
2 - rl V} (87c)
Introducing this approximation is equivalent to stating that
S(r) = cr + 4, (88)
rwhere the dependence of S(r) on r is consistent with the cylindrical configuration. Then,
where the dependence of S(r) on r is consistent with the cylindrical configuration. Then,
v e - °P(R) 2
2 P 1
r Z P 1
dp {a(p2+k2)+b} e' P .
An additional substitution
E = u-p
yields
-v e ( R )
I 2
r2Z
S 2
1
dE {aE2 +(ak 2 +b)} e.
Analytical integration yields
v e- E( R )
rZ2
{ae e 2 E1
- E e
- 2a[EZ eE2 - E1 e + (2a+ak2+b) 2 - e j}.
Again, Eq. 91 is more tractable in E variables than in r.
d. Treatment of the Sphere
Approximate evaluation of the spherical integral is similar. The substitution
p = {(r') 2 -r 2 (1 -2)} 2
leads to
I= R) i p1 dp (p e2r Z3 P we
where
X = r (l- ).
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(89)
(90a)
(90b)
(91)
(92a)
(92b)
(92c)
( b)
o
Next in order is the approximation
S'(p, i) ap + b, (93a)
where
S[r 2 , B(r 2 )] - S[r1 , B(rl)] (93b)
z; (r2-rl)
and
{r r2(1_i2)} Sr, 4(r1 )] - { r -r2(1-1L 2) S[r 2 , i(r 2 )] (93c)
. - f 2 1 1 1 (93c)2 2
r 2 - r1
The effect of the approximation in this case is to substitute for the true source distribu-
tion a quadratic function of path length, a procedure appropriate to the spherical config-
uration. When Eq. 93a is substituted in the integral expression, we obtain
- ( ) P _ P ap+bp+k2 eI F-
I ~ e _ dap+b}{p+X . (94)
2r2 Z 3 Pi 
It is now convenient to define a new variable of integration in the form
E = p- (95a)
to obtain, upon substitution,
-E(R) OE 2 EI oe 2 dE {aE2+b}{E2+XZ}e (95b)
r E
and, ultimately,
I ~e (R)2 3 t 2 de {aE4 +(ak +b)EZ+bX }ee (95c)
r E1
The integration can be performed analytically to give the final result
-E(R) r 4 E2 4 E1 3 E2 3
r2Z3 a e - E e - 4 aL e - E e ]
( E 4 2 4 E
+ [a(X2+12)+b]Z e - E e ]
- 2[a(k2+12)+b E2 e - 1 e 
+ [a(X +12)+b(X2 +2)][e2 - e] (95d)
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5.3 DIRECTIONAL QUADRATURE
a. Legendre-Gauss Methods
In slab and spherical configurations, the integrations over directional cosine required
by the integral transport formulation are most conveniently effected by using the
Legendre-Gauss quadrature. This procedure makes optimum use of a specified number
of ordinates in those cases in which the function to be integrated is analytic and equally
weighted at all points in the interval of integration. If the directional cosines to be used
in establishing mesh points are those dictated by the Legendre-Gauss quadrature, the
calculations required are minimized and numerical quadrature proceeds rapidly.
b. Limitations of Legendre-Gauss Quadrature
In a spherical configuration with a spherical source, not all of the directional cosine
rays emanating from spatial points remote from the outer boundary of the source pass
through the source. When the contribution to the scalar flux of neutrons that have not
experienced at least one isotropic collision is to be evaluated under such circumstances,
the Legendre-Gauss procedure tends to introduce a sizable error. The sign of the error
depends on whether the ray most nearly tangent to the surface of the source lies within
or outside the source, so that the calculated scalar flux as a function of position tends
to oscillate about its true value. Provided at least two rays penetrate the source, the
oscillatory error is largely self-compensating, and reaction rates integrated over spatial
regions are relatively insensitive to the oscillation.
In the cylindrical configuration with a line source, the source integral tabulated in
Section IV, when formulated in terms of elevational directional cosines, diverges as the
value of the cosine approaches unity. Here, the Legendre-Gauss procedure is not appli-
cable, and other methods must be used.
c. Quartic Quadrature
By transforming from directional cosine to angle as the variable of integration, the
divergence, which is a function only of coordinate system, is eliminated. The angles
corresponding to the Legendre-Gauss cosines are not, however, compatible with the
Legendre-Gauss procedure.
Quadrature is effected by fitting a polynomial to the available points and integrating
analytically. Owing to machine storage limitations, the number of discrete elevational
angles available is four. It is physically evident, however, that at all finite depths of
penetration into the attenuating cylinder, the directional flux oriented parallel to the axis
is zero. Hence, a fourth-order polynomial may be fitted and integrated to yield scalar
fluxes. The equivalent elevational angles and the corresponding quadrature weighting
terms are listed in Table 3. The Jacobian of the transformation from directional cosine
to angle has been incorporated into the weighting terms.
In the cylindrical configuration with a cylindrical source, the system of ultimate
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Table 3. Angular equivalents of 4-point Legendre-Gauss
cosines and corresponding quartic quadrature
weights.
Angle Quadrature Weight
0. 28275705 -0. 18067583
0.64903658 +0. 90560425
1.01745554 -0.17579145
1.38631713 +0.20506451
interest in this study, the source integral, expressed in terms of directional cosines,
diverges in both elevation and azimuth as the values of the directional cosines approach
unity. The difficulty is again a consequence of the coordinate system, and is again elim-
inated by a transformation to angle as the variable of integration. As in the case of the
line source, quadrature in elevational angle is most conveniently effected by the fourth-
order polynomial fit.
d. Elliptic Quadrature
It is evident, both intuitively and mathematically, that the directional flux has a
nearly elliptic dependence on azimuthal angle. Hence, the best fit to isolated ordinates
to be obtained in executing a polynomial quadrature is that of an elliptic function of the
form
(Nr, 2) a, - = =-y , (96)
P2
where 0 is the azimuthal angle. The allowed number of azimuthal ordinates available
is four. In any practical configuration, however, rarely more than two of these ordi-
nates are nonzero; hence, the actual fit of the ellipse to the calculated directional fluxes
is most conveniently made in terms of the two most nearly straight-ahead angles. If we
take the angles to be those corresponding to the Legendre-Gauss cosines and designate
the most nearly straight-ahead angle 04 , the next j3, then the quadrature expression
assumes the form
0. 56632016b2(r, 4, v) - 0. 107485672(r, 43, v)
b(r, v) = (97)
/ q 2 ( r ' 4' v) 4 - 2(r, 3 , v)
where the transformation from cosine to angle in the directional flux by way of the
Jacobian has been made. No error comparable to the oscillatory error observed in the
Legendre-Gauss integration for spherical sources has been detected when the elliptic
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procedure is used with cylindrical sources. Analogous to this treatment of the cylin-
drical source, there must exist a procedure for directional integration in the spherical-
source case. But this case is of least interest here, and the procedure has not been
developed.
5.4 DIRECTIONAL INTERPOLATION
The expressions derived above for spatial quadrature in cylindrical and spherical
configurations incorporate the dependence of source directional cosine on position along
a neutron flight path. When scattering is anisotropic, the directional source is related
to directional flux; for straight-ahead scattering, the relation is direct. Thus, calcu-
lated values of the directional source strength are available only at discrete values of
the directional cosine, and source strengths at intermediate values of the cosines must
be recovered by interpolation. Two conditions can be distinguished. If the flux is
approximately isotropic, simple linear interpolation is sufficient. If the flux is strongly
anisotropic, as is the flux of high-energy neutrons that have not experienced nonelastic
scattering, a higher order polynomial fitting procedure is indicated. When spherical
sources are involved, it is convenient to make use of a simple second-order interpolation
with the two most nearly straight-ahead directional cosines and the critical cosine at
which the directional flux and directional source go to zero as the three required abscis-
sas. When the primary source is cylindrical the interpolation is more conveniently
based on the elliptic fit noted above. In this case a transformation from azimuthal cosine
to angle before interpolation and a reverse transformation back to cosine after interpo-
lation is necessary to avoid the cosine induced divergence.
GLOSSARY
Symbol Definition Units
I Value of an integral as appropriate
R, X Reference spatial positions cm
S(r', ' ) Directional source cm 3 sec 1
a, b, c, d Fitting parameters for polynomials as appropriate
r, x Flux spatial positions cm
r', x' Source spatial positions cm
a, 3, y Fitting parameters for ellipses as appropriate
E, X, p Transformation variables as appropriate
, V Directional cosines
56
__
GLOSSARY (continued)
Definition
Macroscopic removal cross section
Sign factor (= ±1)
Directional flux in cosines
Directional flux in azimuthal angle and
elevational cosine [=c(r, , v) sin (cos- 1 )]
Scalar flux
Azimuthal angle
Units
-1
cm
-2 -1
cm sec
-2 -1
cm sec
-2 -1
cm sec
Reference
Lower limit of integration
Upper limit of integration
0
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Symbol
±(r, i, v)
+(r, , v)
(r)
O/
Subscripts
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VI. CALCULATION OF CERTAIN CROSS SECTIONS
6. 1 INTRODUCTION
We have noted that the statistical model allows theoretical prediction of the depend-
ence of (n, 2n) cross sections on neutron incident energy. Because the (n, 2n) excitation
functions of many materials of interest have not been measured, this aspect of the sta-
tistical model is exploited whenever possible.
There are two other cases in which theoretical estimation of cross sections is nec-
essary. These cases arise in treating multigroup resonance absorption and in calcu-
lating loss of slow neutrons to v absorbers. Methods of generating theoretical cross
sections appropriate to these two cases will be discussed here.
6.2 MULTIGROUP RESONANCE ABSORPTION CROSS SECTIONS
a. Limitations of Conventional Methods of Calculation
Wigner and his co-workers51 have indicated that the use of average absorption cross
sections in the resonance energy region can lead to serious overestimation of the reso-
nance capture effect. In order to avoid this source of error, the approximation is often
made in fission reactor calculations that the neutron flux has a simple inverse depend-
ence on energy during slowing down. The concept of an effective resonance integral is
then applicable. In blanket systems of interest the neutron absorption rate in the reso-
nance energy region tends to be appreciably higher than in fission reactors, owing to the
presence of high concentrations of resonance absorbing nuclides in the first wall and
strong absorbers, particularly lithium 6, in the moderator. As a result, the flux tends
to assume a more nearly linear dependence on energy and the effective resonance inte-
gral concept is not relevant. Under these circumstances, recourse must be had to a
multigroup treatment of neutron slowing down and to the use of group effective absorption
cross sections. A group effective absorption cross section is defined here as one such
that the product of group flux and macroscopic effective cross section yields a good
approximation to the true absorption rate. By following Wigner et al., resonance absorp-
tion can be conveniently separated into volume and surface absorption contributions.
These will be treated in turn.
b. Volume Contribution to Resonance Capture
It is necessary to distinguish between wide and narrow resonances. A narrow reso-
nance is one whose effective energy width (to be defined in greater detail below) is of
the order of, or less than, the average energy loss experienced by a neutron in an elas-
tic scattering collision. Thus, neutrons may be assumed to have not more than one col-
lision, on the average, in the immediate neighborhood of a narrow resonance while
slowing down past that resonance. Conversely, a wide resonance is one in which a
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neutron experiences more than one collision.
Consider a neutron in the energy region immediately above a single narrow reso-
nance. There is a probability, P, that the neutron will emerge from its next elastic
scattering within the effective width of the resonance. A second probability, given by
the ratio r/r, is the likelihood that the subsequent collision, within the energy range
of the resonance, will result in neutron capture. The quantities r and r are the gamma
emission level width and total level width of the resonance, respectively. The alterna-
tive ratio r n /r, where r is the neutron emission level width, denotes the probability
that the neutron is scattered in a collision within the energy range of the resonance. Val-
ues of level widths for most materials of interest have been tabulated by Hughes and
Schwartz,5 among others. The probability that a neutron, lying initially just above a
resonance, is absorbed in the resonance as a result of successive scattering and capture
F
Y
events is, then, P r. If P is generalized to describe the probability that a neutron
lying at arbitrary energy within the group is scattered into the single designated reso-
nance, the rate of absorption in the ith group, because of volume effects, is given by
r
¥
Rate = isli P r (98a)
Here, as before, i is group flux, and Es Ii is group macroscopic scattering cross sec-
Y A
tion. If the quantity Es i P- is replaced by an effective capture cross section, Za i'
the absorption rate becomes
Rate = Za|i i. (98b)
Thus, in the narrow-resonance case the desired effective cross section is given by
r
A Y
Za|i= Es i P ' *(98c)
If the resonance is wide, the probability that a neutron is scattered into it is still P,
but the probability that a neutron, scattered into the resonance, is captured requires
more elaboration. The probability that a neutron within the resonance escape capture
during a single collision is rn/r. The probability that it will survive a chain of N suc-
cessive collisions in a wide resonance is ( /r)N, and the probability that it will be cap-
tured is [1-(rn/r)N]
.
If Au)r is the lethargy width of the resonance and the
logarithmic energy decrement, the number of collisions a neutron is required to make,
on the average, in traversing a wide resonance is Au)r/ , and the probability of capture
is [1-(rn/r)(U)r/)].
It is now necessary to specify what is meant by the energy width of a resonance.
Again, following Wigner et al., the width, AE)r, of a resonance is defined as the distance
in energy between those points on the upper and lower wings of the resonance at which
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the resonance total cross section is equal in magnitude to the potential scattering cross
section of the medium. The use of this characterization of resonance width, called by
Wigner the "practical width," appears to be well justified by measurements.
The probability, P, of scattering into a resonance can now be readily derived in
terms of the resonance width or, more conveniently, the half-width, E, by using the
elastic scattering formalisms developed in Section III. A narrow resonance is exactly
analogous to an intermediate group with a higher energy limit, EH) j, where
EH)j = E + E (99a)
and a lower limit, EL)j , where
EL)j = E- E. (99b)
The resonance energy is E o , and the resonance width, AE) r , is equal to 2E. Substitution
of Eqs. 99 in Eq. 20b yields
{(E -) n - 2(1 + n a) (100)
(1-a) AE)i 0 E -
Correspondingly, a wide resonance is equivalent to a lowest permitted group. Substi-
tution of Eqs. 99 in Eq. 22c gives for this case
E +E
P= _ o 1n a1 (101)
AE)i
In both cases AE) i is the group energy width, and a is the maximum fractional energy
loss per collision, as before.
c. Surface Contribution to Resonance Capture
The surface resonance effect may be treated in like manner. The group current of
neutrons crossing a boundary into a medium must be considered. If the medium
receiving the flow of neutrons has a single narrow resonance of width AE) r within the
group boundaries, the fraction of the group current that comes under the influence of
the resonance upon entering the medium is simply AE)r/AE) i . By virtue of the large
cross section of the resonance, nearly all of the neutrons entering the energy region of
the resonance experience collisions close to the surface of the medium, and the fraction
ry/r is captured. The remaining fraction, rn/r, of those entering the resonance is
scattered, loses energy, and escapes the resonance. Thus, the fraction of the entering
current absorbed close to the surface of a medium having a single narrow resonance is
[AE)r/AE)i] [ r/r].
If the resonance is wide, the fraction of the current entering the resonance is still
given by AE)r/AE)i . The derivation of the capture probability is somewhat more com-
plicated. It is necessary to distinguish between neutrons entering the resonance above
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the resonance peak energy and those entering below this energy. A neutron entering in
the higher energy half of a wide resonance will penetrate some finite distance into the
medium, the amount depending on the strength of the resonance at the incident energy
of the neutron. If the neutron escapes capture in its first collision in the resonance, it
will be scattered down in energy, deeper into the resonance. Since the resonance cross
section as seen by the neutron is now larger than that faced on entering the medium, the
neutron is effectively trapped and the probability of eventual capture is given by
[1-(rn/r)N] , where N is the number of collisions required for a neutron to traverse,
on the average, three-fourths of the resonance practical width.
If the neutron enters the medium in the lower half of the resonance, successive non-
capture collisions transfer it into energy regions of steadily decreasing resonance cross
section. Hence, if isotropic scattering is assumed, the scattered neutron has approx-
imately one chance in two of emerging from the medium before experiencing another
collision in the resonance. There also remains the probability of scattering down
through the resonance in successive noncapture collisions. Both of these possible modes
of escape open to neutrons that have entered the medium in the lower half of a wide res-
onance must be taken into account in deriving the capture probability. An approximate
derivation proceeds as follows: the capture probability for each collision experienced
r
by the neutron in the resonance is 1 - n The fraction of the neutrons that survive the
first collision is rn/r. Of these, half leave the resonance absorbing medium without
further collision so that only the fraction rn/zr of the initial neutrons is available for
r r'
a second collision. In the second collision the fraction captured is r- - ; of the
remainder, half, (-2 ) rj, escapes to the moderator to be scattered out of the region
of influence of the resonance, and the other half, r] , is available for another collision.
The total capture probability in a chain of N collisions is
Probability of capture {1 -}l + + · zr (10Za)
N .
(102b)
~~1-rnl
Neutrons in the lower half of a resonance must lose, on the average, energy equal to
one-fourth of the resonance width in traversing the remainder of the resonance, exper-
iencing Au)r/45 collisions in the process. The probability of capture becomes
F)r \U)/4 
Probability of capture I - - r; . (102c)
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Since neutrons are assumed to be uniformly distributed in energy in a group, the average
capture probability of neutrons entering a resonance absorbing medium at energies within
a single wide resonance is given by
Probability of capture 1 1 - (n 4+ r [ (( n - (103)
The strength of the group current flowing across a boundary into a medium may be
estimated as follows. Consider the configuration sketched in Fig. 8. The total group
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Fig. 8. Interface between resonance absorbing and weakly absorbing media.
current flowing from the moderator to the wall through the interface is given, in the inte-
gral formulation, by the expression
1 S 2 / x
Current)i= 1 .I d| Si(x, i) exp ) (104)
1 Mod y
where r is the macroscopic removal cross section in the moderator, Si(x, 1) is the
group directional source strength, and ji is a symmetric directional cosine. Since
sources in the resonance energy region are almost purely isotropic, the approximation
S.(x)
2 Si(x' )
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(105a)
0+
J , - - b
..._ r
is acceptable. Substitution of Eq. 105a, together with the convenient transformation
(105b)n = il
in Eq. 104 yields
Current)i =1 Mod1L5Mod
Si(x) / rX
dx 2 exp ( 2 ~~L , /,
where Si(x) is the
integration gives
group source strength per unit volume at x. Inversion of the order of
Current)i =1
S(x) Sdx 
Mod
di.' exp )
= dx 2 EZ[ZrX],
Mod
where En[Trx] signifies the nth-order exponential integral
1 e - z / t
En(z) = dte n2 ,
0 t
(107b)
(107c)
tabulated by Goldstein, 5 3 among others. The E 2 function goes to zero rapidly with
increasing argument while in cases of interest the source strength tends to vary slowly
with position. Then, to a good approximation, the current becomes
S.(0 + )
Current) i iZ dx E2 [Lrx], (108)
Mod
The spatial position 0+ lies just to the right of the interface as shown in Fig. 8. Extending
the integral over the moderator to infinity yields
Si(o+) E (0)_ si(O+)
Current)i 2 r 4
The loss rption is the product of current and capture
The loss rate caused by surface absorption is the product of current and capture
probability and is given in the narrow resonance case by
Surface loss (1:
r r
109)
LOa)
and in the wide resonance case by
Surface lcss I . 1 -
Il~ --- nt
(fn) ur} + {I1 - r 1 S(S (o+).
4( i
(11 Ob)
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In both equations the expression included within the outermost braces is in effect a
weighting term relating the surface loss to the source strength just outside of the
absorber. The surface effect may then be treated, in the differential and diffusion for-
mulations, by assigning a sink at the point (0+ ) of strength { } S2(0 + ) or, more simply,
by assigning a source of strength [1- }] Si(0 + ) in lieu of Si(0+), where { } is the weighting
term enclosed in the outer braces in Eqs. 110.
d. Effects of Additional Resonances
Generalization to a succession of resonances lying within the bounds of a single
energy group is simple, provided that two assumptions are made. First, it must be
assumed that the resonances are sufficiently far apart in terms of neutron down-
scattering that the slowing-down density above the highest resonance is re-established
before each of the lower resonances is encountered. Second, it is necessary to assume
that neutrons do not travel appreciable distances within the resonances. The former
assumption is customary in fission reactor technology; the latter appears justified in
view of the relatively large total cross sections characteristic of resonances. Within
the limits of these assumptions, the volume and surface effects of the individual reso-
nances are additive. The total group effects are the sums of the individual effects.
e. Effects of Mixtures of Nuclides
The foregoing development of the methods for calculating effective volume absorption
cross sections and source weights for surface absorption presupposes the existence of
an absorbing medium containing a single nuclide. The same procedures are equally
applicable to media composed of mixtures of absorbing nuclides, and of mixtures of
absorbers with moderator nuclides. The latter case is important when fissile nuclides
are introduced into the fused-salt coolant. It is necessary, when generalization is made
to mixtures, to take into account the properly weighted contributions of the various scat-
tering nuclides in calculating the probability of scattering into a resonance. It is also
necessary to consider macroscopic potential and resonance cross sections when deter-
mining practical widths and to express effective absorption cross sections on a "per atom
of absorber" basis.
6.3 EPITHERMAL ABSORPTION CROSS SECTIONS
The second case which necessitates the use of calculated cross sections is that
involving absorption in the lowest energy group. In groups with relatively narrow leth-
argy widths, the common practice is to approximate cross sections that vary slowly with
energy by the value of the cross section at some suitable group mean energy. The
ordering of the lethargy groups in this study provides for a last group extending from
10 ev to thermal energy, a lethargy span of nearly six units. Over these limits a (v 1 )
absorption cross section has a range in value of more than an order of magnitude and
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the use of a simple mean energy to characterize the group cross section is of doubtful
validity. Instead, use is made of an effective absorption cross section so defined that
the product of effective macroscopic cross section by group flux gives a good approxi-
mation to the true absorption rate. Thus
10 ev r10ev
pZ v dE ' (xE') e dEI ) (E'), (lla)
a Thermal Thermal a
or
r 10ev
10 e dE' (x,E') Z (E')
^ =aThermal 
= . (11 b)
a s0 ev dE' (x, E')
Thermal
In order to simplify the treatment, assumptions that (a) the medium in which the effective
cross section is to be evaluated is infinite, and (b) the flux is spatially uniform are made.
It is recognized that these assumptions are not really justified in the first wall or in the
first-wall coolant in systems of interest, since these regions rarely are more than one
or two mean-free paths wide. In the presence of useful amounts of lithium 6, the total
neutron flux in this last group is approximately an order of magnitude smaller than that
in the higher energy groups, so that errors introduced in estimating absorption cross
sections are second-order effects.
According to Weinberg and Wigner, 5 4 the slowing down flux in an infinite, homoge-
neous, nonhydrogenous absorbing medium is given as a function of energy by
(E) = E exp ES a( E ' ) dE'} (112)
tFr(E) E Z E T(E) E'
where (E) is the scalar flux at energy E, S is the slowing-down density at an elevated
energy E s, Zr is the macroscopic total cross section, Za is the corresponding absorp-
tion cross section, and is the logarithmic mean energy decrement. If the scattering
cross section is assumed constant, and the absorption cross section to vary as (v- ),
the absorption escape probability in the range ES-E can be shown by straightforward
integration to have the form
S 'a(E') dE'
exp .. (E =f• E Es(E') E' + ¥ 1 (113)-1 + ,
The flux is then given by[ 1 + yJES 2A
~(E) = Sr(E- ,EE (114a)
m(E) E jiE 1 + y I
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and finally by
yS
+(E) -
its
1 -(2/A)+1 ](/)-
1 +y
(114b)
where As is the macroscopic scattering cross section and
Y= s (114c)
a
The superscript zero indicates the appropriate values at a reference energy such as
0. 025 ev. The departure of the flux from simple (E- 1 ) dependence on energy is evident
in Eq. 114a.
Substitution of Eq. 114b in Eq. 11llb and cancellation of appropriate factors gives
Oh /er S dE' [ 
z a Thermal E' + yE (115)
a a~~ ' (2/ )+ 
ESrmal (2 ,+ 1
Thermal E 1 + yTe -
No allowance has been made for thermalization; the original equation for flux, (112), is
relevant only to slowing down at higher energies. But again, because of strong neutron
absorption by lithium 6, few neutrons will survive to thermal energies in systems of
interest. Hence, thermalization may be disregarded, and the lower limits of the inte-
grals taken to be zero.
The numerator of (115) can be integrated exactly to give
Es dE'
0 E1'JE-
(2/,)+l
1 + art
r+l
= 9 S (116a)
ySE-
= y
1 +yNESI
and
r = + 1.
(116b)
(116c)
The integral in the denominator of (115) is more difficult. Making the substitution
l+=
1 + ,FE
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where
(117)
I · I
I
I
and introducing Eq. 116c, permits the integral to be expressed as a series in the form
E2f (2/ r 
E ' - -dll -%rrE + ( j'0 S IdE'{ }y\ J = 2r r+ j (118)j=0
Although the series will converge rather slowly as s approaches unity and as r
increases, it is of a form particularly suitable for machine computation. Furthermore,
it is possible to estimate the sum of the residual terms after truncation in terms of a
first exponential integral function of the form
r1+j i()1 E (r+L-) In (119a)
- j=rL ( 1s
The parameter , allows adjustment of the fit of the exponential integral to the sum of
the residual terms and has the approximate value
1 ) { (artn In (1-w s . (119b)
The final expression for the effective absorption cross section then takes the form
r-1
A a L . . (120)
rr {+ . + E1 (r+ L- In iN-r S r k"Ls
In media having particularly small thermal absorption cross sections, thermalization
might have to be taken into account, were it not for the influence of lithium 6. In such
cases the procedure outlined above would yield large absorption cross sections indicating
energies well below thermal, and so is not applicable. Under these circumstances, how-
ever, no appreciable error is introduced by simply taking for the value of the effective
absorption cross section in the lowest energy group the value at 0. 025 ev.
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GLOSSARY
Definition
Resonance energy
Upper reference energy
Resonance energy width
Inscattering probability
Scalar source strength
Directional source strength
Resonance lethargy width
Spatial position
Maximum fractional energy loss
Resonance gamma emission width
Resonance neutron emission width
Resonance total width
Resonance energy half width
Directional cosine
Logarithmic mean energy decrement
Macroscopic absorption cross section
Effective macroscopic absorption cross section
Macroscopic scattering cross section
Macroscopic removal cross section
Macroscopic total cross section
Scalar flux at position x, energy E
Scalar flux
Units
ev, kev
ev, kev
ev, kev
-3 -1
cm sec
-3 -1
cm sec
cm
ev, kev
ev, kev
ev, kev
ev, kev
-1
cm
-1
cm
-1
cm
-1
cm
cm
-2 -1
cm sec
-2 -1
cm sec
Reference
Group index
Summing index
Superscript
0
Reference
Lower reference energy (0. 025 ev)
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Symbol
E
o
E S
AE) r
P
S(x)
S(x, ~)
Au) r
x
a
ry
r
n
r
E
p.
a
a
a
s
r
ZT
+(x, E)
Subscript
i
j
__
VII. COMPARISON OF THEORY AND EXPERIMENT
7. 1 INTRODUCTION
No measurements seem to have been made of flux distributions or neutron-induced
reaction rates in the type of large-radius cylindrical attenuator, cylindrical-source con-
figuration of interest to this study. As we have noted, an experimental program of this
kind has been started in a collateral study, but no results have yet been obtained for
comparison with the present theory.
A few measurements have been made in systems that can be treated within the scope
of the calculational methods outlined here. It should be emphasized that none of the
known measurements are directly relevant to the present study. In default of more suit-
able experimental studies, an estimate of the validity of the calculational methods out-
lined above will be made on the basis of a comparison of theoretical predictions with the
available measurements.
7.2 AREAS OF COMPARISON
a. Published Experimental Measurements
Three distinct types of measurements, suitable for purposes of comparison, have
been made. The first are measurements of the spatial distribution of neutron-induced
activation in threshold detectors following injection of high-energy source neutrons into
spherical assemblies. Such measurements have been made in boron carbide by Belov
et al., 5 5 in lead by Broder et al.,56 in iron by Ferguson, 5 7 in thorium by Weale, 5 8 and
in uranium by Weale et al.5 9 The second are measurements of the Fermi age to thermal
energy of fast source neutrons in various homogeneous media. Relevant studies have
been made in graphite by Dlougy,60 and in water by Caswell.61 The third measurements
are concerned with the energy distribution of neutrons emerging from attenuating spher-
ical shells following the introduction of fast neutron sources at the center of the shells.
62Zamyatnin et al. have measured such distributions for shells of various thicknesses
63
of iron, lead, and uranium, and Allen et al. have made similar measurements in nat-
ural uranium shells.
All of these measurements were made in assemblies whose configurations closely
resembled the idealized "point sources in a spherical attenuator" system, and in each
case the primary source neutrons were generated by D-T fusion reactions.
b. Cases Studied Theoretically
Among the materials treated experimentally, lead, carbon, and, to a lesser extent,
boron are of interest in this study. The fissile materials, while of potential value in a
thermonuclear blanket, fall more properly into the area of interest of the collateral study
that is being made on such materials. Iron is of no immediate interest in either study
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and hydrogenous materials, including water, are not well treated by the computational
methods thus far developed. Accordingly, attempts to reproduce by theoretical methods
results obtained experimentally have been restricted to the cases treated by Broder
(activations in lead), Belov (activations in boron carbide), Dlougy (age in graphite) and
Zamyatnin (emission spectra from lead).
7.3 COMPARISON OF THEORETICAL AND EXPERIMENTAL RESULTS
a. Detector Responses in Lead
Figure 9 shows the detector response distributions obtained in a very thick lead
sphere by experiment and by calculation. All responses have been normalized to unity
at the inner radius of the spherical attenuator, and have been multiplied at each spatial
position by the square of the radial distance to that position. The logarithms of the prod-
uct of normalized response by distance squared have been plotted against radial position
in each case. Comparison is to be made in terms of the shape of the curves near the
origin and the asymptotic slope of the curves at points remote from the center.
It is evident that the asymptotic slopes of the measured and calculated curves in lead
are in rather good agreement for the aluminum and phosphorus detectors, and in rea-
sonable agreement for thorium. It is also evident that near the origin the slopes of the
calculated response curves differ appreciably from those of the measured curves. The
experimental curves at small values of radius are all characterized by slopes that are
initially rather flat; the curves assume typical asymptotic attenuation shapes only at
distances of a few mean-free paths from the inner surface of the sphere. In constrast,
the calculated response curve for the Al 7(n, p) reaction shows almost no change in slope
throughout its entire spatial range. The Th 32(n, f) and P31(n, p) curves, while showing
some dependence of slope on position near the origin, have much steeper slopes at small
penetration than do the corresponding experimental curves.
b. Detector Responses in Boron Carbide
Figure 10 shows the measured and calculated responses obtained in boron carbide.
The logarithm of normalized response by distance squared is again plotted against radial
position. In this case the agreement of predicted asymptotic slopes with measured val-
ues is somewhat poorer than that obtained in lead. Of more immediate interest, how-
ever, is the behavior of the response curves in the vicinity of the origin. Consider the
measured curves first. The detectors characterized by high thresholds, Cu63(n, 2n) and
Sb l(n, 2n), yield curves indicating almost pure attenuation. As the thresholds of the
detectors decrease in energy, the initial slopes of the corresponding response curves
become progressively less negative until finally the predominantly low-energy detectors,
B 10(n, a) and U235(n, f), show positive initial slopes. Among the calculated responses,
the detectors which respond primarily to neutrons whose energies are above a few Mev,
in particular, copper, antimony, iron, and aluminum, show almost pure exponential
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Fig. 9. Detector responses in a lead sphere.
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attenuation. Uranium 238, thorium, and phosphorus, whose response to lower energy
neutrons (1 Mev) is significant but not predominating, show some change in curvature
near the origin, following the behavior of the measured curves but to a lesser degree.
Finally, uranium 235 whose response is due almost totally to resonance and thermal
neutrons reproduces fairly well the measured curve, including the initially positive slope.
Owing to limitations in the digital computer codes used in carrying out these studies,
convergence of the Sn calculations could not be obtained in the last few energy groups in
which the boron total cross sections are particularly large. For this reason, the cal-
culated responses reflect flux distributions only for neutron energies above 45 ev. Since
the boron detector response arises almost completely from the (v- 1 ) B10(n, a) reaction,
the calculated BF 3 responses were not considered representative of the results that
would be obtained if the calculation could be carried to thermal energies, and thus are
not plotted. The response of the U 35(n, f) reaction is attributable to a large extent to
resonance neutrons above 45 ev and, on this account, the calculated uranium 235
response is believed to be more nearly comparable to the experimental results.
c. Fermi Age in Graphite
Dlougy has made an experimental measurement of the Fermi age of neutrons from
14 Mev to thermal energy in graphite. On the basis of his results, Dlougy concludes
that thermal neutrons characterized by three different ages exist simultaneously in a
graphite assembly. The first group of neutrons, respresenting approximately 0. 65 of
the total population, have experienced one inelastic collision while slowing down. These
2have an age at thermal energies of 600 cm . The second group, constituting 0. 25 of the
population, have experienced at least two inelastic collisions and have an effective age
2
of 240 cm. The third group, composed of the remaining 0. 1 of the population, are
characterized as having a "very small" age, and are attributed by Dlougy to neutrons
slowed down only by elastic scatterings.
An attempt has been made to reproduce Dlougy's measurement theoretically, with
one limitation. Since the computational methods available are not suitable for problems
in which thermalization is significant, calculated flux distributions at energies of 31. 5 ev
and 14. 5 ev, corresponding to the 48t h and 49 t h lethargy groups, were used to obtain the
ages of those energies. These ages were combined with corrections made according to
the standard definition of the Fermi age to extend the ages from the respective higher
energies to thermal energy. Figures 11 and 12 show the flux distributions in groups 48
and 49, plotted as the logarithms of flux against the square of position. The existence
of at least two distinct groups of neutrons is evident in both plots. The calculated Fermi
ages of these two groups based on the flux plots are tabulated in Table 4, together with
Dlougy's experimental results. The differences between the results obtained with
group 48 information and those obtained from group 49 are less than the uncertainties
introduced in determining ages from flux plots, so that no significance is to be attached
to the apparent systematic shift in calculated age with energy group.
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Fig. 13. Neutron emission-energy spectra.
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The correlation made by Dlougy of the group of neutrons of "very small" age with
neutrons slowed down by purely elastic scattering appears to be incorrect, since elas-
tically scattered neutrons should have greater ages than neutrons slowed down in part
by nonelastic collisions. Goldstein et al. 6 5 obtained a calculated age of -1620 cm2 for
such neutrons. The existence of this group in the theoretical results presented here
cannot be demonstrated, because of the masking effects of the other groups and boundary
influences. The third group of neutrons reported by Dlougy is more likely to be a source
effect, which was also observed in the theoretical calculations. (The author is indebted
to Professor I. Kaplan for bringing the Goldstein calculation to his attention.)
d. Neutron Emission Spectra from Lead Shells
The energy distributions of neutrons emerging from spherical lead shells 5, 10, and
28 cm thick, as determined by experiment and calculation, are plotted in Fig. 13. In
each case the distribution has been normalized to unit area under the corresponding
curve for purposes of comparison. It is evident that the spectra obtained by computation
show the same systematic shift toward lower mean energies with increasing shell thick-
ness, as is observed in the experimental results. The agreement between computed and
measured spectra for a given shell thickness, however, is not good. The measured dis-
tributions show consistently a larger fraction of higher energy neutrons than do the cal-
culated distributions.
7.4 ANALYSIS OF THE COMPARISONS OF THEORY AND EXPERIMENT
a. Shapes of Detector Response Curves at Shallow Penetrations
The most pronounced disagreement between theory and experiment is that observed
in comparing predicted and measured threshold detector responses at shallow penetra-
tions in lead and boron carbide. It appears that the difference between the theoretical
and experimental determinations of response for detectors whose primary sensitivity
is to neutrons at rather high energies is directly associated with the inability of the cal-
culational procedure thus far developed to reproduce the true anisotropy, and particu-
larly the backscattering, of high energy elastic collisions. The assumption was made
in developing the neutron transport equations that neutrons above 5 Mev, when scattered
elastically, scatter straight ahead in angle, while those below 5 Mev experience isotropic
elastic scatterings. The primary mechanisms by which source neutrons reach the
energy region above 5 Mev is elastic scattering, since nonelastic collisions tend to
degrade the scattered neutrons to lower energies. It is expected, and indeed has been
observed, that detectors such as iron and aluminum, which are sensitive primarily to
neutrons in the energy region between 5 Mev and 14 Mev, yield calculated response
curves approximating pure exponential attenuation in shape. Calculations for thorium,
uranium 238 and phosphorus, responding at least in part to neutrons that have experi-
enced either elastic or nonelastic collisions, yield response curves in which the
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contribution of backscattered neutrons is evident, although less strong than measure-
ments indicate. Finally, the calculated results for low-energy detectors responding to
neutrons that have experienced several isotropic elastic and inelastic scatterings show a
pronounced backscattering effect which is in agreement with experiment. From the fore-
going discussion, it is reasonable to conclude that the calculated flux distributions at
energies above 5 Mev and relatively close spatially to the primary source are indeed in
error, owing to the failure of the models employed, to treat properly anisotropic elastic
scattering.
Two points should be made in connection with this discussion. First, as a result of
the normalization introduced in the detector-response plots, no indication is given of the
absolute error in the calculated neutron-induced reaction rate distributions introduced
by ignoring backscattering. Because of the strong influence of nonelastic scattering in
practical systems of interest in this study, the total neutron population in the energy
regime in which the neglect of backscattering is most serious is smaller by an order of
magnitude, or more, than that in the higher and lower energy regions. Hence, the actual
error introduced in the calculation of critical reaction rates such as tritium production
and neutron absorption is correspondingly less than it would be, were the neutrons uni-
formly distributed in energy as the normalization appears to imply. The error in energy
deposition is further diminished by the fact that the dominant neutron-induced energy
depositing reaction in the energy region under scrutiny is inelastic scattering with sub-
sequent de-excitation of the target nuclei by gamma-ray emission. Since the gamma
rays themselves travel some distance in the attenuator before absorption, the effect of
the higher flux levels near the first surface, as revealed by the experiments, is distri-
buted over a wider spatial region.
A second, and perhaps equally salient, point is that the spherical configuration in
which the comparison is made between theory and experiment places greater emphasis
on the effect of backscattering than does the large-radius cylindrical attenuator,
cylindrical-source configuration of more direct interest in the blanket problem. The
reason for this may be developed in an intuitive manner.
The weighting of the detector responses as a function of position by the square of the
radial distance has the effect in a spherical configuration of cancelling the purely geo-
metric attenuation represented by the (r) - 2 factors in the spherical transport equation.
In the absence of this purely geometric effect, the attenuation experienced by a neutron
is that of collision only and is a function of the neutron flight distance from the source
to the point of measurement. A spherical shell emitting backscattered neutrons has pos-
itive curvature in all directions with respect to an interior point of measurement. Hence,
the flight distance from emitter to detector in a spherical system is smaller, collision-
induced attenuation is less likely, and the contribution of the backscattered neutrons to
flux and detector response is greater than in more nearly flat configurations such as
the cylinder or, in the extreme, the slab. Conversely, in comparison with the slab case,
for example, forward-scattered neutrons in a sphere have a lesser weighting at points
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exterior to the emitting spherical surface, owing to the apparent negative curvature of
the surface with respect to the point of measurement. A schematic comparison of flight-
path lengths for backscattered neutrons is shown in Fig. 14.
It is also evident that the degree to which the backscattering effect is amplified by
the configuration varies directly, although not linearly, with the effective curvature of
the emitting surface as seen by the detector. Hence, the perturbation observed in the
measured responses of the intermediate energy activation detectors near the origin in
the spherical systems is seen to be appreciably more pronounced than would be the same
effect, were it measured at corresponding depths of penetration in cylindrical systems
having large inner radii. Some additional theoretical evidence in support of this con-
tention will be cited in Section VIII. An approximate graphical calculation indicates that
the contribution of backscattered neutrons within a mean-free path of the first surface
is approximately 50% greater in the experimental spherical systems than in practical
cylindrical configurations.
In view of these two points -the relatively low neutron populations in the energy
regions in which elastic scattering anisotropy is most pronounced, and the lesser empha-
sis placed on backscattered neutrons in practical configurations - it is believed that the
error introduced in the calculation of neutron-induced reaction rate distributions is
appreciably less than would appear on the basis of the observed discrepancies between
the measured and calculated detector responses in spherical assemblies of lead and
boron carbide.
b. Asymptotic Slopes of Detector Response Curves
The next point of interest in comparing theoretical and experimental detector
responses concerns the asymptotic slopes of the respective response curves for the sev-
eral detectors used. In lead, theory and experiment are in good agreement. From this,
it may be construed that, at least at the higher energies, both the cross sections and the
scattering models used to develop the lead scattering matrices are reliable. In boron
carbide the agreement is not as good. It is suspected that the cross sections assigned
for nonelastic collisions at high energies in boron are the primary source of difficulty.
Relatively few measured values, particularly of the inelastic cross sections in both
boron 10 and boron 11, have been published. The measurements cover only limited
energy regions and are, at least in part, contradictory. The cross sections introduced
into the scattering matrices for energies above a few Mev are then largely judicious
extrapolations and interpolations among fragments of data and as such are of rather lim-
ited reliability.
Additional uncertainties in evaluating the actual degree of discrepancy between theory
and experiment in the asymptotic response curves arise from the fact that the original
paper 8 reporting the detector-response measurements gave few experimental details.
It has consequently been necessary to make assumptions concerning critical dimensions
such as the inner radius of the attenuator, and to accept values given as exact. Since
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Fig. 15. Comparison of calculated and measured neutron emission-energy spectra
from thin lead shells.
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.
boron is of interest in fusion reactor blankets only as a slow neutron attenuator in the
coil-shielding region, it was not considered profitable to attempt to develop boron scat-
tering matrices consistent with the published measurements.
c. Fermi Age Determinations
The rather good agreement obtained between theory and experiment in the determi-
nation of neutron ages in graphite indicates that the carbon matrices are suitable in
terms of both cross sections and scattering mechanisms. It seems likely that the meth-
ods utilized for treating low-energy elastic scattering and transport of neutrons are
valid, at least for the heavier moderators.
d. Emergent Energy Spectra
In comparing the calculated and measured spectra of neutrons emitted from lead
shells of various thicknesses, it was observed that although the systematic variation of
neutron mean energy with shell thickness observed experimentally was reproduced theo-
retically, the measured and calculated spectra for each thickness show rather serious
disagreement. In Fig. 15 the exponential portions of the previously compared spectra
of neutrons emerging from a 5-cm lead shell are plotted in semi-logarithmic coordi-
nates, together with the corresponding portion of the energy spectrum of neutrons
emerging from a lead shell, approximately 3 cm thick, measured somewhat earlier by
Zamyatnin, 2 7 again with a D-T neutron primary source. At shell thicknesses of approx-
imately 5 cm or less, the contribution of multiply scattered neutrons to the spectra is
small; the two experimental results, both of which are due to Zamyatnin, should be com-
parable. Of the two, the measurement in 1957 is in better agreement with similar meas-
urements of effective neutron spectrum temperatures in lead made by O'Neill 6 4 and by
Graves and Rosen.2 6
The experimental error estimates given by Zamyatnin for his earlier spectrum
measurement are such that the individual contributions of first and second neutrons from
the dominant (n, 2n) reaction cannot be distinguished. Hence, the data plotted for the
experimental spectra represent a combination of the two separate spectra. In the energy
region considered in Fig. 15, the calculated spectrum represents primarily the some-
what more energetic first neutrons, a fact that may account, at least in part, for the
difference between the more reliable measurement, in 1957, and the calculated results.
7. 5 INFERRED VALIDITY OF THE COMPUTATIONAL METHODS
In view of the preceding remarks concerning the agreement and disagreement
observed in comparing theoretical and experimental results in several cases, it is
thought that the theoretical methods employed are capable of yielding reasonably reliable
predictions of neutron-induced reaction rate distributions, especially in the small-
curvature configurations that are of greatest interest in this study.
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VIII. RESULTS
8. 1 INTRODUCTION
Neutron flux distributions in space and energy and spatial distributions of neutron-
induced nuclear reactions have been calculated for a number of different blanket systems
of the general configuration discussed in Section II. The calculations were made on an
IBM 7090 digital computer, with the Fortran II codes described in Appendix B.
The procedure has been adopted of establishing whenever possible a standard con-
figuration, the form of which will be noted below, and examining the effects of system-
atically changing individual characteristics of the configuration. The several variations
treated fall into three groups. The first is made up of systems, in some cases more
hypothetical than practical, designed to test the methods of calculation. The second con-
sists of a series of variations on the basic configurations, so chosen that the effects of
modifying individual components of potentially acceptable blanket designs may be
assessed in terms of neutron economy and tritium regeneration. The third extends the
regime of interest to include the coil-shielding region surrounding the primary attenu-
ator. Analysis of appropriate systems allows at least a preliminary evaluation of the
usefulness of two different arrangements of shielding materials proposed as protection
for the magnetic coils. Each system considered here is identified by a characteristic
number consisting of a single digit followed by three digits. The first digit identifies
the set of computer routines, either three-region or five-region, used in making the
calculations. The remaining digits form a sequence number. Systems in the 500 series
contain fissile nuclides and are treated by using the fission iteration option described
in Appendix B; those in the 100 series exclude fission.
We shall devote considerable space to presenting and analyzing the results of the
computations. The general procedure consists of considering in sequence each of the
three groups of systems, comparing the results obtained for related configurations and
interjecting remarks, when appropriate, concerning the significance of the results
obtained. Tabulations of nuclide densities and of the dimensions and constituents of the
several systems, identified by their characteristic numbers, will be included.
It should be noted that many of the systems investigated from the point of view of
neutron economy and tritium regeneration are also the subjects of analysis in terms of
nuclear heating in the collateral study conducted by Homeyer. 1 Thus the present con-
clusions may be only partial answers to the general question of over-all blanket feasi-
bility. More nearly satisfactory answers may be formulated only by considering the
results of this work and the parallel investigations of Homeyer, Spangler, 2 and Lontai.5
Before proceeding, one point of clarification is in order. The term "surface" will
be seen to appear in several of the tabulations that follow. This item accounts for those
neutron captures that occur at the interface between the first wall and the coolant chan-
nel by virtue of the resonance surface effect, which is due in turn to absorption
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resonances in several of the proposed first-wall materials.
8.2 BASIC CONFIGURATION
The standard blanket configuration used here consists of a first wall of molybdenum
cooled by fused salt flowing in a coolant channel and backed by a primary attenuator com-
posed of a graphite matrix through which fused-salt coolant flows. The fused salt consid-
ered as standard is composed of 66 mole per cent lithium fluoride and 34 mole per cent
beryllium fluoride. Graphite is assumed to constitute 21% by volume of the standard
primary attenuator; the rest is the lithium beryllium fluoride fused salt. Thicknesses
of the respective regions are 2, 6. 25, and 56 cm. Figure 16 shows schematically the
standard configuration. Preliminary calculations have shown that a blanket so formed
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Fig. 16. Standard configuration.
should be satisfactory from the standpoint of neutron economy and nuclear heating. It
is admitted that the quantities chosen for both the depth of the coolant channel and the
fractions of fused salt and graphite in the primary attenuator, while reasonable, are
more the results of a need for consistency in the calculations than of exhaustive opti-
mization studies, and should be so regarded. Note, however, that since the primary
attenuator is expected to be made up mainly of a fused salt either identical to, or closely
resembling, that serving as first-wall coolant, the thickness chosen for the first-wall
coolant channel has little effect on neutron economy. It is expected that heat transfer
considerations will dominate the determination of the final width of the channel. The
effect of varying the graphite fraction in the primary attenuator is dealt with briefly in
section 8.4.
8.3 COMPUTATIONAL TESTS
Under the general heading of test computations, runs were made to investigate the
effects on the calculated results of: (a) system curvature; (b) method of calculation
(neutron transport model); (c) outer boundary conditions; and (d) neutron anisotropic
85
~---_----I I L oW-~ I- --
Table 5. System curvature effects.
Run Number 3-123 3-124 3-125
Source Line Point Slab
Attenuator Cylinder Sphere Slab
Be (n, 2n) 0.0935 0.0911 0.0912
F (n, 2n) 0. 0256 0. 0259 0. 0249
Li6 (n, 2n) 0. 0027 0. 0026 0. 0026
Mo (n, 2n) 0. 1811 0. 1351 0. 2038
Multiplication 0. 3030 0. 2547 0. 3225
Be (n, a) 0. 0093 0. 0090 0. 0091
C (n, a) 0. 0137 0. 0150 0. 0131
F (n, abs) 0. 1175 0. 1147 0. 1147
Li6 (n, abs) 0. 7758 0. 6189 0. 7657
Mo (n, p) 0. 0036 0. 0027 0. 0040
Mo (n, y) 0. 0916 0. 0596 0. 0897
Surface 0. 0050 0. 0041 0. 0062
Absorption 1. 0165 0.8239 1. 0026
Be (n,t) 0. 0015 0. 0015 0.0015
Li 6 (n,t) 0. 7758 0. 6189 0. 7657
Li 7 (n, tn) 0. 1001 0. 0973 0. 0979
Tritium 0. 8774 0. 7177 0. 8650
Leakage >0.4 Mev 0.1345 0.2212 0.1331
Leakage < 0. 4 Mev 0. 1445 0.2111 0. 1903
Total Leakage 0. 2790 0. 4323 0. 3234
Error -0. 0055 +0. 0015 +0. 0035
*Estimated values -
incorrect.
Calculated surface absorption is
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downscattering models. The results of these studies will be noted in order.
a. System Curvature Effects
System curvature effects were studied by making identical calculations for a specific
system in cylindrical, spherical and slab configurations. The dimensions of the first
wall, coolant channel, and primary attenuator were 1. 5, 6. 0, and 28. 0 cm, respectively;
the materials were those of the standard configuration. The angular distribution of
source neutrons in the slab case corresponds to that of an infinitely long cylindrical
source whose radius is two-thirds that of the first wall. The line and point sources were
assumed to be isotropic.
The results of the calculations are listed in Table 5. The values of the multiplication
show that the calculated results for the slab are in rather good agreement with those for
the cylinder in the high-energy region where the integral transport formulation is used.
The line source sees a somewhat thinner first wall than does the directionally distributed
slab source. A simple hand calculation shows that a distributed cylindrical source,
equivalent to that assumed for the slab, would yield approximately 1. 08 times the line-
source multiplication in the first wall, and somewhat smaller increases in multiplication
and high-energy losses at deeper penetrations into the blanket. Hence the slab config-
uration is considered slightly conservative in multiplication. At lower energies where
the Sn method is used, the cylinder shows less leakage and more absorption than the
slab, in contradiction both to physical intuition and to the results obtained for the sphere.
It is suspected that the contradiction arises more from the use of an overly coarse mesh
spacing in cylindrical Sn calculations than from effects arising from system curvature.
On the basis of interpolation between the slab and the sphere, it is apparent that more
of the neutrons should escape at low energies than the calculations show, and fewer
should be absorbed. On taking the recognized uncertainties in the cylindrical S calcu-
lation into account, the over-all agreement between the cylinder and the equivalent slab
is good. The effect of curvature in the cylinder appears to be rather small and the use
of slab configurations in lieu of cylinders, well justified.
A point of some interest may be made in terms of the backscattering effect discussed
in Section VII. It was suggested that the effect of backscattering is accentuated in sys-
tems of strong curvature. At the same time, we observed that for sufficiently low neu-
tron energies the transport calculation reproduced experimental measurements rather
well. Figure 17 shows the results of plotting the calculated distributions of the predom-
inantly thermal Li6(n, t) reaction in the sphere, cylinder, and slab, with the same nor-
malization method as was used in comparing calculated and measured detector activation
distributions in Section VII. The initial rise in the normalized curves does not occur in
the slab and is barely detectable in the cylinder, while it is clearly evident in the sphere,
substantiating the earlier hypothesis that the error caused by neglect of aniso-
tropic backscattering at high energies is appreciably less serious in practical
blanket configurations than in the large-curvature spheres in which comparison
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Fig. 17. Comparison of backscattering effects in configurations with
various degrees of curvature.
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Table 6. Effects caused by the method of calculation of
neutron transport.
Run Number 3-122 3-126
Method > 5 Mev Int. Trans Int. Trans
Method < 5 Mev S Int. Trans
n
Be (n, 2n) 0. 0926 0. 0926
F (n, Zn) 0. 0236 0. 0236
Li6 (n, Zn) 0. 0026 0. 0026
Mo (n, 2n) 0. 2578 0. 2578
Multiplication 0. 3767 0. 3767
Be (n, a) 0. 0094 0. 0094
C (n, a) 0. 0137 0. 0137
F (n, abs) 0.1160 0. 1160
Li6 (n,abs) 0. 0138 0. 0140
Mo (n, p) 0. 0051 0, 0051
Mo (n, y) 0. 0107 0. 0102
Absorption 0. 1687 0. 1684
Be (n, t) 0. 0014 0. 0014
Li6 (n,t) 0. 0138 0. 0140
Li 7 (n, tn) 0. 0997 0. 0997
Tritium 0. 1149 0. 1151
Downscattering
Subregion A 0. 2658 0.2588
Subregion B 0.3972 0.3959
Subregion C 0. 5285 0. 5513
Total 1.1915 1. 2060
Leakage > 0. 4 Mev 0. 0205 0. 0221
Error +0. 0040 +0. 0198
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between theory and experiment was made.
b. Neutron Transport Model Effect
The next point to be investigated was the effect of the neutron transport models used
in the calculation. Two runs were made in the standard configuration to discover the
difference between using integral transport theory and differential transport theory at
energies below 5 Mev. In both cases the calculations extended only to 0. 4 Mev. Table 6
lists the reaction rates predicted in these two cases.
Since the integral-transport calculations ignore ingroup scattering, as discussed in
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Fig. 18. Comparison of group flux distributions.
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section 4. 5, it is expected that Sn theory would predict higher fluxes and higher absorp-
tion rates in the first wall and lower fluxes and reaction rates in the fused-salt regions
than would integral-transport theory. This was, indeed, observed, although the effect
is surprisingly small in terms of tritium production. Somewhat more pronounced is the
effect on downscattering and on neutron conservation. In the last case the calculational
error, defined as absorption plus leakage less source and multiplication, is the basis
of comparison. The effect of ignoring ingroup scattering is illustrated more graphically
in Fig. 18 in which the flux distributions in the vicinity of 440 kev, as predicted by inte-
gral and differential transport calculations, respectively, are compared. On the basis
of these calculations it is evident that the method of calculation has relatively little effect
on the results obtained. However, since the treatment of ingroup scattering by differ-
ential transport methods is more satisfactory in theory than the approximation introduced
into the integral transport formulation, at least at energies below about 5 Mev, the dif-
ferential model is used in all calculations to be reported subsequently.
c. Outer Boundary Condition Effects
Test runs were also made to evaluate the effect on the calculated results of the
assumption that the outer boundary of all configurations is a perfect absorber. Reaction
rates were computed for two systems differing only in the depth of the primary attenu-
ator. The systems were of the standard configuration except that the first walls
were one centimeter thick. Table 7 shows the results of the calculations. The
reaction rates listed for run 3-111, involving the deeper attenuator, include only
the first 36 centimeters of the primary attenuator so that the tabulations are
directly comparable.
It is evident that the assumption of a perfectly absorbing boundary overestimates
leakage and underestimates low energy absorption in the region of calculation. At a
depth of 36 cm into the primary attenuator, the fused salt-graphite matrix has an effec-
tive albedo, averaged over all energies, of approximately 0. 35.
Similar conclusions may be drawn from a comparison of predicted reaction
rates obtained in the standard configuration with a perfectly absorbing outer bound-
ary and with reflectors of lead with twenty volume per cent borated water and
of lithium hydride adjacent to the primary attenuator. Details of the two reflected
systems will be discussed in connection with coil shielding. It is sufficient here
to note that the albedos of lead with borated water and of lithium hydride, facing
a 56-cm primary attenuator, are 0. 32 and 0. 22, respectively. Nearly all of the
reflected neutrons are eventually captured by Lithium-6 to yield increases in the
tritium breeding ratios of 0. 02 for an absorbing lead reflector, and 0. 01 for
lithium hydride. Hence, the assumption of a perfectly absorbing outer boundary
leads, in general, to slightly conservative estimates of the tritium production and
shielding capabilities of blanket assemblies.
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Table 7. Effects caused by
condition.
Reaction rates listed are
mary attenuator only.
assumed outer boundary
for first 36 cm of pri-
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Run Number 3-109 3-111
Primary Attenuator *
Thickness 36 cm 57 cm
Be (n, 2n) 0. 1020 0. 1026
F (n, 2n) 0. 0230 0. 0229
Li6Li6 (n, Zn) 0.0028 0.0028
Mo (n, 2n) 0. 1436 0. 1436
Multiplication 0.2714 0.2719
Be (n, a) 0.0101 0. 0101
C (n, a) 0.0129 0. 0129
F (n, abs) 0.1278 0.1278
Li6Li6 (n,abs) 0.8773 0. 9475
Mo (n, p) 0. 0028 0. 0028
Mo (n, y) 0. 0564 0. 0566
Surface 0. 0065 0. 0066
Absorption 1. 0938 1. 1643
Be (n, t) 0. 0014 0. 0014
Li6 (n, t) 0. 8773 0. 9475
Li7 (n,tn) 0. 1109 0. 1110
Tritium 0. 9896 1. 0599
Leakage 0. 1965 0. 1266
-
--
d. Anisotropic Downscattering Effects
In compiling the scattering matrices used in a few of the earlier calculations reported
here, the assumption was made that neutrons emerge from anisotropic elastic scat-
terings with energy distributions characteristic of isotropic elastic collisions. As addi-
tional data were incorporated into the calculations and the scattering models refined,
more nearly correct account was taken of the effects of anisotropic collisions on neutron
emergent energy distributions. Comparison calculations were made by using the earlier
and the more recent versions of the scattering matrices in the standard configuration
and in a solid lithium system. The resulting calculated regional reaction rates are listed
in Table 8.
Table 8. Effects caused by elastic downscattering model.
Run Number 3-113 3-119 3-112 3-120
Configuration Standard Standard Lithium Lithium
Downscattering Isotropic Anisotropic Isotropic Anisotropic
Model
Be (n, 2n) 0. 0899 0. 0929
F (n, 2n) 0. 0196 0. 0236
Li 6 (n,2n) 0.0024 0.0026 0. 0142 0. 0178
Mo (n, 2n) 0. 2578 0. 2578
Multiplication 0. 3697 0. 3770 0. 0142 0. 0178
Be (n, a) 0.0091 0. 0094
C (n, a) 0. 0116 0. 0136
F (n, abs) 0. 1124 0.1163
Li 6 (n, abs) 1. 0692 1. 0548 0. 6009 0. 5569
Mo (n, p) 0. 0051 0. 0051
Mo (n, y) 0. 1300 0. 1288
Surface 0. 0068 0. 0067
Absorption 1.3441 1.3347 0.6009 0.5569
Be (n,t) 0. 0012 0. 0014
Li6 (n,t) 1. 0692 1. 0548 0.6009 0. 5569
Li 7 (n,tn) 0. 0976 0.0995 0. 6361 0. 7511
Tritium 1. 1679 1. 1557 1.2369 1.3079
Leakage (> 0.4 Mev) .0. 0127 0. 0188 0. 1771 0. 2466
Leakage (< 0.4 Mev) 0. 0293 0. 0305 0. 2304 0. 2161
Total Leakage 0. 0420 0. 0493 0. 4074 0. 4627
Error +0. 0164 +0. 0070 -0. 0059 +0. 0016
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In the standard configuration the smaller energy losses and increased in-group scat-
tering associated with anisotropic collisions lead to a larger number of high-energy
reactions and to increased high-energy leakage, with correspondingly decreased low-
energy fluxes and reaction rates. The over-all effect on tritium production is rather
small, in the neighborhood of 1-2%, since the relatively high probability that source neu-
trons are scattered nonelastically, especially in the first wall, decreases the importance
of anisotropic elastic collisions at greater penetrations into the blanket.
In the solid lithium system nonelastic scattering is less likely, and anisotropic elas-
tic events are of greater significance in establishing energy distributions. In this system
the calculations show a definite increase in the high-energy Li 7(n,tn) reaction rate, and
a somewhat smaller decrease in the Li 6(n,t) rate.
The calculation of neutron energy distributions resulting from anisotropic elastic
collisions necessarily involves a number of numerical quadratures which, in the present
procedure, still lead to an overestimation of the average neutron energy loss, compared
with the results of more detailed calculations. In view of these results, we feel that
additional refinement of the numerical operations is not justified.
8.4 SYSTEM COMPONENT STUDIES
The second group of systems considered was that in which the effects of varying indi-
vidual components of the basic blanket configuration were investigated. Of primary
interest are the effects resulting from first-wall material, first-wall thickness, fused-
salt constituents, Lithium isotopic content, back-up beryllium, and graphite fraction in
primary attenuator.
a. First-Wall Material
Investigations into material requirements made by Rose and Clark 6 and Homeyerl
have indicated that the first wall must almost certainly be made of a refractory or nearly
refractory metal. Potentially useful materials are molybdenum, niobium, tantalum, and
tungsten. If energy densities prove to be sufficiently low, nickel, and possibly thorium,
may also find application. Of the true refractory metals, tungsten and tantalum, with
effective resonance integrals of 330 barns and 1100 barns; respectively, may be elim-
inated on the basis of neutron capture alone. The lack of measured values for certain
critical cross sections, notably that of the (n, Zn) reaction, has prevented quantitative
evaluation of niobium as a first-wall material. Hence the only refractory metal inves-
tigated in detail was molybdenum. Sufficient data are available for both nickel and tho-
rium to permit realistic comparison of these materials with molybdenum. Exploratory
calculations have also been made for first walls of beryllium, lead, and uranium 238,
although physical limitations prevent their use as first-wall materials in foreseeable
systems.
Systems with first walls of molybdenum, nickel, thorium, and uranium 238 (and,
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for comparison, with no first wall) combined with coolant channels and primary atten-
uators of the standard configuration were investigated first. The resulting reaction rates
are listed in Table 9. Systems composed of no first wall and of beryllium and lead first
walls with 3. 75-cm coolant channels and 36-cm primary attenuators were also consi-
dered. Table 10 lists the corresponding reaction rates.
It is evident that among the refractory first-wall materials molybdenum and thorium
actually enhance the tritium breeding ratio. Nickel, as a result of low (n, 2n) and high
(n, p) cross section gives a net loss in tritium generation, compared with the hypothetical
no first-wall case. On the other hand, impractical materials such as beryllium, lead,
and uranium have good nuclear properties and lead to pronounced improvements in the
calculated tritium breeding potential. It might be noted that the beryllium thickness con-
sidered here is well short of optimum; thicknesses of approximately 10 cm are expected
to yield results comparable to the more nearly optimum lead and uranium systems.
b. First-Wall Thickness
Since molybdenum alone appears to be a practical first-wall material, a series of
runs was made to investigate the effects of molybdenum thickness on tritium breeding
ratio. The results of comparison runs for no first wall and for first walls of 1, 2, and
Table 9. Effects of varying first-wall materials (I).
with Coolant channel= 6. 25 cm
Primary attenuator = 56. 0 cm
Run Number 3-114 3-122 3-115 3-503 3-504
First-Wall Material none Molybdenum Nickel Thorium Uranium
Thickness none 2 cm 1 cm 2 cm 1. 5 cm
First-Wall Multiplication 0. 0. 2578 0. 0243 0. 3721 0. 7205
Other Multiplications 0. 1571 0. 1189 0. 1283 0. 1231 0. 1288
Multiplication 0. 1571 0. 3767 0. 1526 0. 4952 0. 8493
First-Wall Loss 0. 0. 1408 0.0780 0.2614 0.3523
Other Loss 1. 1192 1. 1880 1. 0435 1. 1749 1.4482
Absorption 1.1192 1.3288 1. 1215 1.4363 1. 8005
Li 6 (n,t) 0.9337 1.0489 0. 8915 1. 0311 1.3110
Li 7 (n,tn) 0. 1364 0. 0997 0. 1114 0. 1026 0. 1056
Tritium 1.0717 1. 1499 1.0042 1. 1351 1.4166
Leakage (> 0.4 Mev) 0.0163 0.0205 0.0141 0.0209 0.0211
Leakage (< 0.4 Mev) 0.0359 0.0334 0.0311 0.0349 0.0378
Total Leakage 0. 0522 0. 0539 0. 0452 0. 0558 0. 0589
*Calculations made by L. N. Lontai.
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Table 10. Effects of varying first-wall materials (II).
with Coolant channel width= 3. 75 cm
Primary attenuator depth = 36. 0 cm
Run Number 3-105 3-103 3-104
First-Wall Material none Beryllium Lead
Thickness none 3 cm 8 cm
First-Wall Multiplication 0. 0.3432 0. 6121
Other Multiplications 0. 1483 0. 1135 0. 0568
Multiplication 0. 1483 0.4567 0. 6689
First-Wall Loss 0. 0. 0332 0. 0291
Other Loss 0. 9176 1.2368 1.4668
Absorption 0. 9176 1. 2700 1.4959
Li6 (n,t) 0.7389 1. 0939 1. 3980
Li 7 (n,tn) 0. 1286 0. 1062 0.0480
Tritium 0.8691 1.2069 1.4465
Leakage (> 0. 4 Mev) 0. 1001 0. 0771 0.0449
Leakage (< 0. 4 Mev) 0. 1482 0. 1368 0. 1455
Total Leakage 0. 2483 0. 2139 0. 1904
3 cm thickness, with all else standard, are shown in Table 11. The net multiplication
available in molybdenum first walls is the difference between (n, 2n) multiplication and
(n, p) and (n, y) losses. The gain in multiplication associated with successive increments
of thickness of molybdenum decreases with increasing thickness. The predominant loss
mechanism, the (n, y) reaction, increases more rapidly than linearly with thickness; also,
as the attenuation of source neutrons in the first wall increases with increasing thick-
ness, the contributions from the various high-energy reactions in the coolant channel
and primary attenuator are correspondingly decreased. Since the balance of high-energy
reactions in the fused salt yields net tritium production, an increase in first-wall thick-
ness effects a loss in high-energy neutron economy in the interior regions.
For over-all neutron economy, a 2-cm molybdenum first wall appears to be most
suitable. However, since the tritium breeding ratio is relatively insensitive to molyb-
denum thickness in the vicinity of two centimeters, determination of the optimum thick-
ness will probably depend in large part on nuclear heating and heat transfer
considerations to be summarized by Homeyer.l
c. Fused-Salt Constituents
A series of systems was investigated to determine the relative merits of several
different fused-salt mixes in terms of neutron economy and tritium breeding potential.
All systems treated were of the standard configuration, the variables being the nuclide
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Table 11. Effects of varying first-wall thickness in the standard configuration.
Run Number 3-114 3-111 3-113 3-110
First-Wall Material none Molybdenum Molybdenum Molybdenum
Thickness none 1 cm 2 cm 3 cm
First-Wall Multiplication 0. 0. 1436 0. 2578 0. 3510
Other Multiplications 0. 1571 0. 1319 0. 1119 0. 0959
Multiplication 0. 1571 0. 2755 0. 3697 0. 4469
First-Wall Loss 0. 0. 0660 0. 1409 0. 2251
Other Loss 1. 1192 1. 1750 1. 1964 1. 1885
Absorption 1. 1192 1.2410 1.3373 1. 4136
Li6 (n,t) 0. 9337 1. 0251 1.0692 1.0786
Li 7 (n,tn) 0. 1364 0. 1163 0. 0997 0. 0834
Tritium 1.0717 1. 1414 1. 1679 1. 1620
Leakage (> 0.4 Mev) 0.0163 0.0144 0.0127 0. 0112
Leakage (< 0.4 Mev) 0. 0359 0. 0325 0. 0293 0. 0294
Total Leakage 0. 0522 0. 0469 0. 0420 0.0406
densities in the fused-salt regions. The calculated reaction rates are compiled in
Table 12.
The 66/34 salt, selected as the standard for this study, because of its desirable
physical and thermal properties as compared with other lithium fluoride-beryllium fluo-
ride systems, appears also to be the most suitable in terms of its nuclear properties.
This combination of nuclide densities yields almost exact equivalence of multiplication
by (n, 2n) reactions in beryllium and fluorine and high-energy loss by (n, a) and (n, p)
reactions in the various nuclides. Under these circumstances, the entire tritium yield
of the Li7(n, tn) reaction represents a net gain. If the lithium fluoride content is
increased appreciably, the reduced beryllium multiplication is insufficient to compensate
for high-energy losses, particularly in fluorine. When the beryllium fluoride fraction
is increased, increased neutron multiplication is obtained only at the cost of a greater
decrease in the Li (n, tn) tritium yield.
Lithium nitrite, with no significant multiplying capability and large neutron losses
caused by (n, charged-particle) reactions in nitrogen and oxygen, appears to be unaccept-
able in terms of neutron economy. Lithium nitrate, although not investigated in detail,
may be expected to be even less acceptable, because of the presence of additional oxygen
in the salt. Introduction of uranium 238 into the fused salt leads to a pronounced
increase in multiplication, but resonance capture losses in the uranium and increased
resonance capture in the molybdenum first wall lead to a net loss in neutron economy
and tritium production.
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Table 12. Effects of varying fused-salt constituents in the standard configuration.
Run Number 3-122 3-128 3-129 3-130 3-507*
First-Wall Coolant FS)1 FS)2 FS)2 FS)3 FS)4
Primary Attenuator FS) 1 FS)1 FS) 2 FS) 3 FS)1
Be (n, 2n) 0. 0926 0. 1056 0. 1256 0. 0738
N (n, 2n) 0. 0009
F (n, 2n) 0. 0236 0. 0241 0. 0245 0. 0217
Li6 (n, 2n) 0. 0026 0. 0023 0. 0018 0. 0022 0. 0021
Mo (n, 2n) 0. 2578 0. 2578 0. 2578 0. 2586 0. 3067
U (n, mult) 0. 0920
Multiplication 0. 3767 0. 3897 0.4096 0. 2617 0. 4963
Be (n, a) 0. 0094 0. 0106 0. 0127 0. 0077
C (n, a) 0. 0137 0. 0138 0. 0140 0. 0163 0. 0121
N (n, abs) 0. 1208
O (n, abs) 0. 1884
F (n, abs) 0. 1160 0. 1174 0. 1198 0. 1032
Li 6 (n,abs) 1. 0489 1. 0468 1. 0510 0.7131 0. 9903
Mo (n, p) 0. 0051 0. 0051 0. 0051 0. 0055 0. 0061
Mo (n, y) 0. 1291 0. 1388 0. 1446 0. 1009 0. 1769
U (n,y) 0. 1111
Surface 0.0067 0.0088 0.0101 0.0047 0.0106
Absorption 1.3288 1.3414 1.3573 1. 1497 1.4074
Be (n,t) 0. 0014 0. 0017 0.0019 0. 0011
Li6 (n,t) 1.0489 1. 0468 1. 0510 0. 7131 0. 9903
Li 7 (n,tn) 0.0997 0. 0881 0. 0697 0. 0966 0.0800
N (n,t) 0.0069
Tritium 1. 1499 1. 1366 1. 1226 0. 8166 1.0714
Leakage (> 0. 4 Mev) 0. 0205 0.0206 0. 0219 0. 0505 0.0294
Leakage (< 0. 4 Mev) 0.0334 0. 0337 0.0378 0. 0588 0. 0498
Total Leakage 0. 0539 0. 0543 0. 0597 0. 1092 0. 0792
FS)1; 66LiF 34BeF 2
FS)2; 50LiF 50BeF 2
FS)3; {OLiF OBeF 2 {in units of mole per cent}S) 3; 100LiNO 2
FS) 4; 60LiF 30BeF 2 · 1OUF 4
*Calculations made by L. N. Lontai.
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The results reported here, while agreeing qualitatively with those obtained by Myers,
Wells, and Canfield 6 6 as to the relative merits of the fluoride and nitrite salts, disagree
seriously with the predictions of Myers and his co-workers of the absolute value of the
respective salts as tritium breeders. The discrepancy is attributed in part to differ-
ences in basic configuration, since Myers et al. do not treat refractory metal first walls,
and in part to the use of different methods of calculation. The earlier results were
obtained by using modified fission reactor diffusion theory methods with wide energy
groups in the higher energy region. The present work is based on a combination of inte-
gral and differential transport theories devised for this specific problem, and allows a
more detailed description of the energy distribution of the neutron flux in the high energy
region.
d. Lithium Isotopic Content
The effect of varying the lithium-6 to lithium-7 isotopic ratio in the standard 66/34
lithium fluoride-beryllium fluoride fused salt was investigated by comparing calculated
reaction rates in the standard configuration for several isotopic ratios. The reaction
rates are listed in Table 13. It is evident that increasing the lithium-6 content of the
blanket leads to a modest increase in tritium production, largely at the expense of reso-
nance absorption in the molybdenum first wall. The results obtained with a 0. 50 lithium-6
isotopic fraction throughout the system, compared with those obtained for the lower
enrichments, indicate that additional enrichment will probably not lead to any appreci-
able further gain in tritium production, since capture in molybdenum is nearing an irre-
ducible minimum and reductions in leakage will be offset by decreases in the tritium
yield because of the Li (n, tn) reaction.
In addition to improving the tritium production potential of the fused salts, enrich-
ment in the lithium-6 isotope has the desirable features of reducing radiation damage
and nuclear heating in the first wall by reducing first-wall resonance capture and of
improving the coil-shielding capabilities by reducing leakage. In other configurations
in which resonance capture is more significant in the over-all neutron economy, enrich-
ment of the fused salt in lithium-6 leads to an appreciably greater improvement in neu-
tron economy than has been observed here.
Comparison of the Li6(n, t) and Li7(n, tn) reaction rates shows that lithium make-up
in natural enrichment systems must be enriched to 90% in lithium. In high-enrichment
systems the required isotopic fraction of lithium-6 in make-up is ~0. 95. Hence, the
cost of enriching make-up lithium is roughly independent of the isotopic ratio maintained
within the system.
e. Back-up Beryllium
Calculations were made to investigate the effects of introducing additional beryllium,
either as the metal or the oxide, into the standard configuration between the coolant
channel and the primary attenuator. First walls of both molybdenum and nickel were
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Table 13. Effects of varying Lithium
the standard configuration.
6 isotopic fraction in
considered. The calculated reaction rates are shown in Table 14.
The gain in multiplication and in the tritium-breeding ratio when beryllium metal is
introduced into the system is quite pronounced. Indeed, it appears that 2-3 cm of beryl-
lium metal in the primary attenuator, coupled with a 2-cm molybdenum first wall will
provide a comfortable margin in the tritium generation potential. Approximately 5 cm
of beryllium metal appears sufficient to offset the negative worth of nickel as a first-wall
material, and yields an acceptable tritium breeding ratio.
If the beryllium is introduced in the form of the oxide, its value is severely reduced,
owing to competitive absorption and downscattering of high-energy neutrons by oxygen.
The beryllium content in 9 cm of oxide is very nearly that of 5 cm of metal, so that the
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Run Number 3-122 3-131 3-132
Li 6 Isotopic Fraction
First-Wall Coolant natural 0. 20 0. 50
Primary Attenuator natural natural 0. 50
Be (n, 2n) 0. 0926 0. 0925 0. 0922
F (n, 2n) 0. 0236 0. 0235 0. 0231
Li 6Li6 (n,2n) 0. 0026 0. 0045 0. 0174
Mo (n, 2n) 0. 2578 0. 2578 0. 2579
Multiplication 0. 3767 0. 3784 0. 3905
Be (n, a) 0. 0094 0. 0094 0. 0093
C (n, a) 0. 0137 0. 0136 0. 0133
F (n, abs) 0. 1160 0. 1159 0. 1154
Li 6 (n,abs) 1. 0489 1. 0849 1. 1614
Mo (n, p) 0. 0051 0. 0051 0. 0051
Mo (n, y) 0. 1291 0. 0993 0. 0604
Surface 0. 0067 0. 0025 0.0002
Absorption 1.3288 1.3308 1. 3652
Be (n, t) 0. 0014 0. 0014 0. 0013
Li6 (n,t) 1.0489 1.0849 1. 1614
Li 7 (n,tn) 0. 0997 0. 0944 0.0535
Tritium 1. 1499 1. 1806 1.2163
Leakage (> 0. 4 Mev) 0. 0205 0.0204 0. 0188
Leakage (< 0. 4 Mev) 0. 0334 0. 0329 0. 0083
Total Leakage 0. 0539 0. 0533 0. 0271
Table 14. Effects of introducing additional Beryllium into primary attenuator.
Run Number 3 -122 5-133 5-135 5-134
First Wall
Material Molybdenum Molybdenum Molybdenum Nickel
Thickness 2 cm 2 cm 2 cm 1 cm
Beryllium Region
Material none Beryllium BeO Beryllium
Thickness none 5 cm 9 cm 10 cm
Be (n, 2n) 0.0926 0.2955 0.2383 0.5217
F (n, 2n) 0. 0236 0.0185 0.0152 0. 0182
Li 6 (n,2n) 0.0026 0. 0022 2 0.0016 0.002221
Ni (n, 2n) 0. 0243
Mo (n, 2n) 0. 2578 0.2578 0.2578
Multiplication 0. 3767 0. 5740 0. 5129 0. 5662
Be (n, a) 0. 0094 0. 0302 0. 0263 0. 0546
C (n, a) 0. 0137 0.0097 0.0045 0.0072
O (n, abs) 0. 0934
F (n, abs) 0.1160 0.1016 0.0762 0.1012
Li6 (n,abs) 1.0489 1.2539 1. 1340 1.2783
Ni (n, charged part) 0. 0068
Ni (n, y) 0. 0245
Mo (n, p) 0. 0051 0. 0051 0. 0051
Mo (n, y) 0. 1291 0. 1422 0. 1446
Surface 0.0067 0.0098 0.0098 0.
Absorption 1.3288 1.5526 1.4942 1. 5328
Be (n,t) 0. 0014 0. 0040 0. 0029 0.0059
Li6 (n,t) 1.0489 1.2539 1. 1340 1. 2783
Li7 (n,tn) 0. 0997 0.0878 0.0646 0.0867
Tritium 1. 1499 1.3457 1.2015 1.3709
Leakage (> 0. 4 Mev) 0. 0205 0. 0057 0. 0042
Leakage (< 0. 4 Mev) 0. 0334 0. 0102 0. 0083
Total Leakage 0. 0539 0. 0159 0. 0125
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results of runs 5-133 and 5-135 are directly comparable; the deleterious effect of oxygen
is evident. It should be noted that a realistic evaluation of the relative merits of the
metal and the oxide will depend on additional factors, particularly cost, since the oxide
is much less expensive than the metal for given beryllium content.
f. Graphite Fraction in Primary Attenuator
Preliminary age theory calculations indicated that at energies below 1 Mev neutron
slowing-down densities and absorption rates are only weakly dependent on the graphite
volume fraction in graphite-lithium fluoride-beryllium fluoride systems. The weak
dependence arises from the close similarity in neutron elastic slowing-down character-
istics between graphite and the fused salt. Examination of the relevant cross sections
indicates that this equivalence should not hold at higher energies. In particular, while
the elastic scattering cross sections of the various fused-salt constituents tend to remain
more or less constant with increasing neutron energy, the corresponding cross section
in graphite decreases rather rapidly for energies above 1 Mev. To substantiate the pre-
dicted negative worth of graphite, a pair of comparison runs with primary attenuator
graphite fractions of 0. 21 and 0. 71 were made in configurations consisting of no first
wall followed by a 3-cm coolant channel and the prescribed primary attenuator.
The systems selected for this comparison are not directly relevant to the more prac-
tical configurations treated in the rest of the comparison runs. Also, the anisotropic-
scattering model used in these early calculations was the pseudo-isotropic model
mentioned above. Hence, the results obtained are, at best, qualitative. Nonetheless,
they indicate the effect of changing the graphite fraction. The results show that an
increase in the graphite fraction yields a corresponding increase in leakage at energies
above -1 Mev, and to a more negative contribution to the neutron economy, owing to
additional (n, a) losses in graphite. Of the two effects the increase in leakage is the more
pronounced, which indicates that graphite acts primarily as a dilutant for the fused salt,
at least as seen by high-energy neutrons, and yields an increase in the blanket thickness
for a given tritium-breeding ratio as the graphite fraction is increased.
8.5 COIL-SHIELDING CALCULATIONS
a. Systems Investigated
Calculations were made with the five-region codes to obtain a preliminary evaluation
of the coil-shielding capabilities of blanket designs. It has been observed that neutron
leakage from the primary attenuator region in configurations thus far investigated tends
to include a sizable fraction at energies above the fission spectrum. The need to shield
against these fast neutrons, together with the equally important and equally severe
gamma-shielding requirement and the basic minimum volume requirement, suggested
the use of attenuator materials not normally encountered in fission reactor shield design.
In particular, lithium hydride for fast-neutron moderation and absorption and lead for
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nonelastic neutron slowing down and gamma attenuation appeared to offer distinct advan-
tages over more conventional materials.
The systems investigated consisted of the standard configuration of first wall, coolant
channel and primary attenuator, backed by two additional shielding regions making up
the secondary attenuator. The shielding regions of interest were:
(i) A region, 30 cm thick, containing eighty volume per cent lead and twenty volume
per cent water borated to approximately 0. 1 molar concentration with boric acid.
(ii) A region, 20 cm thick, containing lithium hydride with the natural isotopic con-
tent of lithium-6.
The thicknesses of the regions were selected to give neutron current attenuations of
approximately one order of magnitude in each region.
Optimized configurations for shielding against neutrons and gamma rays, respec-
tively, tend to be mutually exclusive, in that the nuclear reactions of primary importance
in neutron attenuation are, for the most part, sources of gamma radiation. Accordingly,
comparison runs were made with the lead-water region preceding and following the lith-
ium hydride. The former arrangement was expected to be the more effective against
neutrons, the latter, against gamma rays. Flux distributions were also calculated for
a composite shield identical to the latter case, but with a final gamma attenuator con-
sisting of 6 cm of lead, and for a system identical to the former case noted above with
an additional 10-cm region of molybdenum to approximate the coil support structure.
Since these last two composite cases differed only slightly from the first two, distribu-
tions of the neutron-induced reaction rates were not calculated in either case. The
results of the more relevant nuclear heating calculations for these two composite cases
are reported by Homeyer. The results of the reaction rate computations in the two
more simple cases are listed in Table 15.
b. Effectiveness of Coil Shields
Of particular interest are the ultimate fates of neutrons transported from the primary
to the secondary attenuator. As has been observed earlier, the lead-water region is
the more effective reflector, returning ~0. 32 of the incident neutrons to the primary
attenuator, compared with an albedo of 0. 22 for lithium hydride. In either case the
Li 6 (n,t) reaction in the primary attenuator profitably accounts for nearly all reflected
neutrons. Lithium hydride appears to be the more effective final attenuator against neu-
trons degraded in energy. The arrangement of lead with borated water, followed by lith-
ium hydride, appears to be preferable for both reflection and absorption and yields a
total attenuation in neutron current of at least two hundred. The inverted system is less
effective by a factor of two.
The second composite run, incorporating an allowance for coil support structure,
indicates that the support structure will have an albedo of -0. 4 facing a lead-water
region. Against lithium hydride the support structure may be expected to have a slightly
higher albedo. Including the effects of neutron reflection from the coil support, the
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Table 15. Comparison of coil-shield configurations
configuration.
behind the standard
Run Number 5-136 5-137
Coil-Shield Regions I
Type Type A Type B Type B Type A
Thickness 30 cm 20 cm 20 cm 30 cm
6 .
Li 6 (n, 2n) 0. 0 3 0.000057
Pb (n, 2n) 0. 002821 1 0. 000352
Multiplication 0. 002821 0. 000003 0.000057 0. 000352
H (n, y) 0. 000336 0.000011 0.000186 0. 000017
6 [Li6 (n, abs) 0. 002314 0.039779
Li7 (n, y) i 0.000001 0. 00012
B (n, a) 0.032999 0. 001631
O (n, abs) 0. 000244 0. 000034
Pb (n, y) 0. 000663 0. 000035
Absorption 0.034242 0.002326 j 0.039977 0. 001717
Neutron Current into
Coil-Shield Region 0. 0539 0. 0539
Neutrons Reflected into
Primary Attenuator I 0. 0171 0. 0117
Albedo of Coil Shield 0. 32 0. 22
Total Absorption in
Shield Region 0. 0366 0. 0417
Leakage (> 0. 4 Mev) 0. 0002 I 0. 0003
Leakage (< 0. 4 Mev) I 0. 0000 0. 0002
Total Leakage Through
Coil Shield 0.0002 0. 0005
Type A Shield: 80% Lead + 20% Borated Water
Type B Shield: Lithium Hydride
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over-all attenuations of the two shield configurations are approximately 300 and 150,
respectively, in secondary attenuators 50 cm thick.
Although the effectiveness of the proposed shielding configurations against neutrons
is demonstrated at least theoretically, as in other cases the ultimate feasibility and util-
ity of the secondary attenuator depends very strongly on nuclear heating and gamma
attenuation considerations.
8.6 SUMMARY
It is profitable to summarize some of the conclusions and implications of the theo-
retical results presented above (see Tables 16 and 17). To the extent that the results
of comparative calculations are meaningful, the major assumptions introduced in devel-
oping transport and scattering models are seen to be reasonable and conservative. Fur-
thermore, it appears that in most cases additional refinement of the models is not
justified without improvement of the available experimental data.
The number of configurations that yielded acceptable theoretical tritium breeding
ratios is indicative of the degree of flexibility available to the designer. The isolated
systems treated thus far demonstrate that some degree of latitude for satisfying nuclear-
heating limitations may be obtained by suitably combining first-wall, beryllium back-up,
and lithium-enrichment effects. Also, the variations already considered do not by any
means exhaust the possibilities. A more extensive survey incorporating materials not
considered in the present work and exploiting combinations of mutually advantageous
nuclides may be expected to yield an appreciably larger number of systems, acceptable
from the point of view of tritium breeding, from which to develop more generally opti-
mized configurations.
The few systems considered in connection with coil shielding indicate that at least
a reasonable degree of protection can be afforded the magnetic coils by physically prac-
tical shielding configurations of acceptable dimensions. Again, the investigation of two
related systems, while yielding results that are representative of what is to be expected
of coil shields, barely touches the range of potentially useful shield configurations. In
the case of shielding in particular, evaluation of over-all capabilities depends more on
nuclear heating studies than on calculations of neutron-induced reaction rates as such.
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Table 17 (Part I). Nuclide densities of investigated materials.
Material/Nuclide
Molybdenum
Nickel
Lead
Carbon
Beryllium
Lithium
Lithium 6
Lithium 7
Beryllium Oxide
Beryllium
Oxygen
Borated Water
Hydrogen
Boron
Oxygen
Lithium Hydride
Hydrogen
Lithium 6
Lithium 7
Nuclide Density
0. 0635 = 1024/cm 3
0.0914
0. 0330
0. 0804
0. 1230
0. 00344
0. 04296
0. 07249
0. 07249
0. 06666
0. 00300
0. 03333
0. 06200
0. 00460
0. 05740
Fused Salt)1
Lithium 6
Lithium 7
Beryllium
Fluorine
.66 LiF, .31 BeF 2 (Natural Li)
0. 00175
0. 02185
0.01215
0.04790
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Table 17 (Part II). Nuclide densities of investigated materials.
Material/Nuclide Nuclide Density
Fused Salt)1
Lithium 6
Lithium 7
Beryllium
Fluorine
Fused Salt)1
Lithium 6
Lithium 7
Beryllium
Fluorine
Fused Salt) 2
Lithium 6
Lithium 7
Beryllium
Fluorine
Fused Salt)3
Lithium 6
Lithium 7
Nitrogen
Oxygen
Fused Salt) 4
.66 LiF, .34 BeF2 (20% Li6 )
0. 00472 X 1024/cm 3
0. 01888
0. 01215
0. 04790
.66 LiF, .34 BeF 2 (50% Li 6 )
0. 01180
0. 01180
0. 01215
0. 04790
.50 LiF, .50 BeF 2 (Natural Li)
0. 00121
0.01511
0.01632
0. 04896
LiNO2 (Natural Li)
0. 00124
0. 01546
0. 01670
0. 03340
.60 LiF, .30 BeF 2 , . 10 UF 4
Lithium 6
Lithium 7
Beryllium
Fluorine
Uranium 238
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IX. GENERAL CONCLUSIONS
From the results and conclusions reached in this study some general points of basic
importance can be made.
It is evident that tritium breeding with sufficient margin to allow for all anticipated
losses can be achieved in physically practical blanket configurations by using present
available materials and techniques. Thus, the basic question of the feasibility of D-T
fusion reactors from the point of view of tritium regeneration appears to be favorably
resolved.
Furthermore, by exploiting various combinations of mutually suitable materials, it
is possible to obtain some degree of flexibility in meeting the other requirements and
limitations imposed on a fusion reactor blanket assembly. In particular, there appears
to be enough latitude in the conceptual design developed here to permit at least some
degree of optimization of such critical aspects of the blanket as nuclear heating and
magnetic-coil shielding.
In support of these points, it should be noted that the models developed for treating
neutron transport and scattering lead to results that are in fairly good agreement with
experimental measurements in several different systems. The disagreement between
theory and experiment in certain areas of application is attributed in large part, and with
some justification, to the fact that the theoretical methods were of necessity applied to
systems for which they had not been intended and in which certain basic assumptions
were of questionable validity. Nevertheless, the agreement obtained suggests that the
predicted results for more suitable configurations should be realistic.
As a corollary to the preceding remarks, it is considered that the nuclear data now
available, when supplemented by suitable models, are sufficient to allow reasonably reli-
able predictions to be made of neutron-induced reaction rate distributions in a variety
of configurations pertaining to the blanket problem. The limitations imposed on the
credibility of the results obtained thus far, because of a lack of nuclear data, are as
severe as those imposed by the relative simplicity of the models utilized.
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X. RECOMMENDATIONS
As we indicated initially, this work is a first look at the question of the feasibility of
fusion power from the point of view of neutron economy and tritium breeding. A prelim-
inary answer to the question of feasibility has been formulated, but much additional work
must be done before final conclusions can be drawn. Some guide lines for future work
are already evident; others are implicit in remarks made throughout this report. Areas
in which more work should be undertaken may be summarized as follows.
1. Measurements should be made to extend the currently available knowledge of
high-energy neutron cross sections and of the energy distributions of nonelastically scat-
tered fast neutrons. Although the data now available are sufficient to permit a prelim-
inary estimate to be made of over-all feasibility, an adequate basis does not exist for
optimization studies. Particularly needed are: (a) measurements of nonelastic cross
sections at energies below 14 Mev; (b) spectrum measurements both for (n, n') reactions
in heavy nuclides below perhaps 5 Mev and for nearly all nonelastic reactions in light
nuclides below 14 Mev.
2. The calculational procedures used here should be extended and improved to per-
mit a more realistic treatment of anisotropic elastic scattering. Improved Sn methods
with better convergence properties (especially in cylindrical configurations) could prob-
ably be more conveniently adapted to an approximate treatment of anisotropic scattering
than could the more unwieldy integral procedures. The use of the analytical transport
method at energies just below the source energy is probably still preferable to Sn pro-
cedures, which entail source boundary conditions.
3. Experimental measurements should be carried out to obtain a more realistic
basis for testing the theoretical procedures. The efforts of Spangler 2 should prove of
appreciable value in alleviating the current dearth of relevant experimental studies.
4. Additional theoretical studies bearing on neutron economy should be conducted
to evaluate systems and configurations not yet treated. A number of still unexplored
areas are evident. Niobium deserves more detailed consideration for the first wall as
do composite assemblies of materials with good nuclear, but poor physical, properties
sheathed with molybdenum for protection and strength. The prospective fused salts have
not been fully evaluated. The ceramic carbide Be 2 C may be a needed compromise
between costly beryllium metal and the relatively inefficient oxide. The preliminary
results already obtained by Lontai 5 and alluded to above show definite promise for fissile
materials.
5. The results of this work and of the concurrent efforts of Homeyerl and Lontai5
should be combined, and further studies should be made to investigate the blanket prob-
lem from such points of view as shielding, radiation damage, and costs (both capital and
operating). Cost considerations, in particular, may well prove decisive in the question
of ultimate feasibility of power generation by thermonuclear processes.
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APPENDIX A
Derivation of the Neutron Inelastic Scattering Energy Operator
It is convenient, in discussions of neutron nonelastic scattering, to represent the
emergent energy, E', of the neutron in terms of an operator, O, operating on the inci-
dent energy, E, of the neutron according to the relation
E' =OE (A. 1)
The explicit form of the operator is desired.
Consider the impending collision sketched in Fig. A-la. The quantity vl (=N2E/m 1)
is the incident speed of the neutron in laboratory coordinates. The target mass, m 2 ,
is at rest. Figure A-lb shows the same impending event as seen in the center-of-mass
system. In this case the neutron speed vl is given by
c m2 A
in =- A v(A. 2a)
1V 1 + m 2 1 1 + (A. 2a)
and the target speed, which is equivalent to the speed of the center of mass in laboratory
coordinates, is
m
c m 1 1
v2 m + m V, 1 + V CM (A. 2b)
The quantity A is the mass number of the target particle. The energy of collision, E,
is the sum of the kinetic energies of the neutron and target nucleus in the center of mass
system. Thus
m cE* 1 (vl + 2 (vc (A. 3a)
By substituting from Eqs. A. 2a and A. 2b, Eq. A. 3a takes the form
E* = A+) 2 E + A()A+1 E = A+ E. (A. 3b)
The energy, E , remaining in the center-of-mass system after excitation of a level of
energy E> in the target nucleus is
E** = E - E A E - E (A.4)
The neutron and excited target nucleus subsequently separate by mutual recoil in center-
of-mass coordinates as shown in Fig. A-lc. The quantity v is the cosine of the angle
between the initial and final directions of the neutron in the center-of-mass system, v3
and v 4 are the speeds of the recoiling neutron and target, respectively. The recoil
energy is apportioned between the neutron and the target so that
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Fig. A-1. Schematic history of an inelastic scattering event.
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c 1 pE~c**E4 A11 E . (A. 5b)4 A +1
The corresponding speed, v3 , of the scattered neutron in center-of-mass coordinates
is given by
c 3 / 
v3 = m 3 
2 ( A E**
m A+1)
Transformation back to the laboratory system is effected as shown in Fig. A-id. The
final velocity, v3 , of the scattered neutron in the laboratory system is readily obtained
through the law of cosines in the form
V2 = ()Z + (VCM)Z - 2V3cVCM
Substituting from Eqs. A. 2b and A. 6, we obtain
2 2 A E,** 2 1 E-2 \ 1 / A EE** v
3 m IA+1 m-- A+l E I- 2 ) v (A. 7a)
and, finally, incorporating Eq. A. 4, we obtain
2 2E A A EX 1
v3 m IA+ 1 A+ 1 EJ (A+1)2
With some minor rearrangements of
2 , takes the form
E' ={ (A 1) E
2 A FA 1
A+1 A+1 A+1 + 1.' + 1 + 1
terms, the neutron emergent energy,
2 / (A+1) E 
A 1 A E v E.
(A. 7b)
(A. 8)
The expression within the braces is the desired multiplying operator
(A+1) E 
A E
= O[E, EX, v, A]. (A. 9)
If the inelastic collision is isotropic in the center-of-mass system, all values of v in
the range -1 v - +1 are equally probable, and the average value of v for a large num-
ber of collisions is zero. In this case, Eq. A. 9 reduces to
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A=A1Pi+A (A+ 1) E 2A+1Y 2 A E A
o= o[A'Y A] (A+1) EXA+1 A2 A E
= O[E, Ex, A].
The result of operating on incident energy, E, with the averaging operator, 0, is the
average value of the emergent energy, E 3. Symbolically,
E3 = [E,E,A] E. (A. 1)
GLOSSARY
Symbol Definition Units
A
E
E'
E'
E
E
Eb.
Esubscript
0
m
v
v
Subscript
1
2
3
4
Superscript
c
Atomic number
Incident energy
Emergent energy
Average emergent energy
Collision energy in center-of-mass system
Residual energy in center-of-mass system after excitation
Energy of excited level
Particle energy
Operator
Particle mass
Particle speed
Cosine of scattering angle
Reference
Neutron before collision
Target before collision
Neutron after collision
Target after collision
Reference
Defined in center-of-mass system
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Mev
Mev
Mev
Mev
Mev
Mev
Mev
amu
(A. 10)
APPENDIX B
Digital Computer Codes
B. 1 INTRODUCTION
Two sets of digital computer codes have been developed to expedite carrying out the
neutron transport and scattering calculations involved in predicting neutron-induced
reaction rate distributions in blanket assemblies. While the preparation of machine
codes was not of itself an explicit goal of this study, a brief description of the routines
developed for, and used in, making the calculations is considered desirable. Accord-
ingly, we shall discuss in rather general terms the characteristics and capabilities of
the codes. Complete listings of all relevant routines are not included here (see Pref-
ace). Details of the inputs to the codes form the substance of Appendix C.
B. 2 GENERAL CHARACTERISTICS OF THE CODES
a. Coding Language and Machine Requirements
With the exception of a few modified FAP library routines, all routines developed
in this study were written in FORTRAN-11 language and are intended for IBM 709
and IBM 7090 digital computers. Specifically, the codes are designed for the IBM 7090
facility of the Computation Center, M. I. T., and are compatible with the FORTRAN
MONITOR system that was in use at the Computation Center in September, 1962.
b. Maximum Mesh Sizes
The codes are available in two versions, a three-region set that incorporates a fis-
sion iteration option (described below), and an extended five-region set with no fission
iteration capability. In the three-region set a total of 31 spatial positions, including
the inner and outer boundaries, and 8 directional cosine values make up the maximum
geometric mesh available for slab and spherical configurations. For cylindrical sys-
tems the geometric mesh is limited to 15 spatial positions and 4 values of each of the
2 directional cosines. The five-region set incorporates two additional regions to permit
either more detailed analysis of the interior sections, the wall, the coolant channel and
the primary attenuator, or extension of the region of calculation to include the coil
shield. A total of 62 spatial positions and 4 directional cosine values make up the max-
imum geometric mesh for slabs and spherical shells. The mesh for cylindrical shells
is limited to 31 spatial positions and 4 values of each of the 2 directional cosines.
c. Major Subdivisions
Both the three-region and the five-region sets are made up of three distinct portions:
(i) A high-energy program that computes neutron flux distributions in space and
energy in the first 34 groups corresponding to the energy regime from 14. 2 Mev to
0.42 Mev;
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(ii) A low-energy program that calculates flux distributions in space and energy in
the last 16 groups that span the energy range from 0.42 Mev to thermal energy; and
(iii) A reaction rate program that uses flux decks generated by the first two pro-
grams to calculate neutron-induced reaction rate distributions in space.
Each program is further subdivided into a main routine and a number of subroutines.
In several cases specific subroutines may take any one of several forms, the choice
depending on the particular nature of the blanket configuration that is being investigated.
The higher and lower energy programs are of immediate interest to this study.
These will be discussed in the sequel. The reaction rate program is a simple service
code, incorporating no special or unique devices, and need not be further considered
here.
d. Program Coupling
The higher energy and lower energy programs are designed to be run separately.
Coupling of the programs is obtained by means of an intermediary punched card deck
generated as output by the higher energy program and supplied as input to the lower
energy program. An option to allow direct coupling of the programs as links of a
CHAIN job is provided in the five-region version of the programs. Note that the con-
figuration descriptions supplied to the higher and lower energy programs for a given
case must be identical in all respects, including mesh spacing, if meaningful results
are to be obtained.
B. 3 HIGHER ENERGY PROGRAM
a. Special Characteristics
Treatment of source degeneration. The high-energy program is based on a multi-
pass concept whereby certain subroutines are activated either two or three times with
successive minor internal changes to carry out scattering and transport calculations.
The first case in which multipass operations are involved is that concerned with cylin-
drical or spherical sources. It was noted in Section V that the various directional quad-
rature methods generate poor approximations to the true integrals of vector flux as the
angle subtended by the distributed source, as seen from the flux point, decreases. A
logical choice is incorporated in the main routines of the higher energy program to
determine at what spatial point the source is better treated as degenerate (that is, as a
line or point source), to interrupt the calculations and revise the values of the geometric
constants, and to reactivate the appropriate subroutines with modified logic patterns
and continue flux distribution calculations.
Treatment of mixed anisotropic and isotropic scattering. The second instance of
multipass operations is that concerned with the transition from pure straight-ahead
scattering to either pure isotropic or mixed scattering. At high energies few neutrons
have experienced an isotropic scattering. Hence, the directional distribution of the
flux is initially dominated by a strongly anisotropic component because of neutrons that
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have been scattered only elastically. At lower energies the isotropic component becomes
stronger and, below 5 Mev, constitutes the entire distribution. Since the numerical
methods used here tend to obscure the weaker component of the directional distributions,
calculations in the first 10 energy groups are carried out first for neutrons that have not
been scattered isotropically and are then repeated in a second pass for the neutrons
which have experienced at least one isotropic collision.
The two multipass cases are not completely separable. Under appropriate circum-
stances a total of 3 passes calculating in succession the straight-ahead distributed source
component, the straight-ahead degenerate source component and the isotropic source-
independent component are required.
Fission iteration scheme. One special characteristic of the three-region high-energy
code is the fission iteration option. When this option is activated fission reactions initi-
ated by first-generation (fusion) neutrons are treated as absorptions in the first iteration,
and as sources in the second iteration. Fission reactions caused by second-generation
neutrons born of first-generation fission reactions are absorptions in the second iter-
ation and sources for the third, and so on. In each iteration neutron fluxes at all points
in the space-energy mesh are calculated. When the prescribed number of iterations has
been made, the contributions of the several iterations are summed at each mesh point
and, if required, an estimate of the contributions of additional iterations is calculated.
b. Code Logic
The over-all logic flow in the higher energy programs is controlled by the higher
energy (MAIN) routine. Calculations proceed as follows:
1. The description of the configuration and the designated nuclide decks are read in
and necessary constants are established by the INPUT subroutine;
2. Fluxes in the first four energy groups are calculated under the control of routine
MAINA; subroutine ANALYT is utilized to calculate source factors and penetration
terms, and subroutine XXX to generate collision factors. If source degeneration occurs,
subroutine CONSRV provides necessary normalization;
3. Fluxes in groups 5 through 10 are calculated by the MAINB routine which incor-
porates the integral transport subroutines LINFLX for slab configurations and RADFLX
for nonplanar systems. RADFLX calls the subroutine RADINT to evaluate the transport
integrals. Sources in the several groups are calculated by SASRC for straight-ahead
scattering and ISOSRC for isotropic scatterings. For degeneration of the primary
source, CONSRV is again actuated for normalization;
4. Fluxes in the next 24 groups are calculated under the control of routine MAINC.
This routine selects the desired transport routine, LINFLX or RADFLX (and RADINT)
for the integral transport model, SNSNSN for the differential transport model or DIFFSN
for the diffusion model, and uses ISOSRC for the source calculations. Since the diffusion
model was not used in production calculations, an IBM 7090 version of the DIFFSN sub-
routine has not been prepared;
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5. If fission iterations are indicated, control is returned to MAINB, and the required
number of iterations, activating successively MAINB and MAINC and their respective
subroutines, is made; and
6. When all flux calculations have been completed, the source distributions in groups
35 through 38 are calculated by subroutine LWSRC. Control of punched card output (via
tape) of flux and source decks is in the (MAIN) routine; control of printed output is in
routines OUTPUT and OUTTWO.
c. Auxiliary Routines
In addition to the routines listed above and the standard library routines available
in the MONITOR system, two FAP-coded subroutines are required. These are the
MI-FLIP routine for generating punched identification cards in the output decks and a
modified version of the library routine SQRT, so revised that occurrence of a negative
argument in the square root function leads to a zero value of the function rather than to
an error step.
d. Typical Running Times
Loading of program binary decks and data decks for a higher energy run and the sub-
sequent computations and preparation on tape of punched and printed output for a typical
nonfissile slab configuration in three subregions requires 1. 0 to 1. 2 minutes of IBM 7090
time. Since the five-region high-energy program is more efficient than its predecessor,
the three-region code, calculations in a five-region slab configuration with the maximum
geometric mesh require approximately the same amount of machine time as does the
three-region version. As might be expected, input and output operations consume a
large fraction of the total running time. If fission iterations are called for in a three-
region slab, each iteration will require 0. 3 to 0. 4 minutes, including breakpoint output.
The spherical shell configurations require appreciably more running time than do
slabs, particularly if the integral-transport model is used for all high-energy
calculations. Test runs made using the integral transport subroutines in a three-region
spherical shell required approximately 5 minutes. Corresponding runs made using the
Sn routine in the last 24 groups required approximately 2 minutes.
Cylindrical configurations are even more time-consuming. A run made for a
cylinder in 3 regions with the limited geometric mesh and using Sn procedures required
3. 4 minutes.
B. 4 LOWER ENERGY PROGRAMS
a. Special Characteristics
Code simplifications. Several convenient simplications in coding are permitted in
the lower energy region.
1. The elimination of multipass operations;
2. The elimination of integral transport calculations, and
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3. The elimination of fission iterations.
In practical blankets few, if any, neutrons reach the energy region below 0. 42 Mev with-
out experiencing at least one isotropic scattering. Hence, neither of the two special
cases requiring multipass operations in the higher energy code occur here. Also, iso-
tropic scattering effectively decouples the flux distribution from the primary source dis-
tribution so that the particular advantages of the integral transport model are no longer
evident in the lower energy region. Elimination of the fission iteration option is based
on the premise that the only fissile nuclides of interest in blanket design are those which
are not suitable for conventional fission reactor applications, because of high fission
threshold energies. Thus, fissions in the lower energy region do not occur.
Treatment of resonance capture. The method developed in Section VI for estimating
resonance absorption rates recognizes both volume and surface contributions to the over-
all absorption rate. The volume capture probabilities can be expressed as effective
macroscopic cross sections and require no special consideration. It was shown, how-
ever, that surface effects can be best represented as weighting factors applied to inter-
face source strengths. The neutron transport subroutines used in the lower energy
programs require additional logic steps to identify the points in the space-direction mesh
at which weighting factors are to be applied and to suitably modify the calculated source
strengths at those points.
Treatment of last group cross sections. It was also pointed out in Section VI that
the lowest energy group, extending from 10 ev to thermal energy, is very broad in terms
of lethargy, and properly averaged capture cross sections must be used if reasonable
approximations to group absorption rates are to be obtained. The lower energy pro-
grams read in 0. 025 ev cross-section data in lieu of group 50 values, determine whether
thermalization is likely in each subregion, and, when necessary, calculate group cross
sections according to the scheme outlined in section 6. 3.
b. Code Logic
The over-all logic pattern of the lower energy programs is established by the lower
(MAIN) routine. The calculations proceed as follows:
1. The physical description of the configuration, the lower energy nuclide decks,
and the source deck generated by the higher energy code are read into core storage by
the LWINPT subroutine. Generation of properly weighted cross sections for the last
group is accomplished by subroutine CSAVG;
2. Fluxes in each of the 16 lower energy groups are calculated by calling first the
LWSRCE subroutine and then either the SNSNSN or the DIFFSN subroutine. Again, the
IBM 7090 version of the diffusion routine (DIFFSN) has not been prepared, since Sn cal-
culations have proved entirely adequate. In either case the neutron transport routine is
modified to allow for resonance surface effects; and
3. When flux calculations are finished punched output of lower energy flux decks and
surface absorption and leakage losses is prepared on tape under control of the (MAIN)
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routine and printed output is written on tape by the LWOTPT subroutine.
c. Auxiliary Routines
In addition to the routines mentioned above and the standard library routines avail-
able to the MONITOR system, the lower energy routines require only the FAP-coded
routine MI-FLIP.
d. Typical Running Times
In simple three-region slab and spherical-shell configurations the lower energy pro-
gram requires slightly less than 1 minute of machine time for an entire calculation,
including loading time and input and output. In cylindrical configurations typical running
times are 2-3 minutes. When the five-region routines are used with full meshes the
times required are increased to approximately 1 minute for slabs and spheres and
3 minutes for cylinders.
Provision is made with the five-region set of routines for chaining the higher and
lower programs in a single run. It is expected that a chained run will require somewhat
less time for completion than would separate submissions of the higher and lower energy
programs. Thus far, no attempt has been made to activate the chain option.
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APPENDIX C
Computer Code Input Decks
C. 1 INTRODUCTION
Inputs to all of the programs must follow a rigidly prescribed form if the codes are
to function properly. The purpose of this appendix is to describe in detail the format of
the input decks associated with the higher and lower energy programs in both the three-
region and the five-region versions. The first half of this appendix is devoted to identi-
fying the various constants and parameters supplied to the programs and indicating the
significance of the several values allowed for &ontrol parameters. The detailed formats
of the higher and lower energy nuclide decks are also considered. In the second half of
this appendix the structure of the input deck for each of the programs is set down in
FORTRAN symbolic form.
C. 2 INPUT QUANTITIES
a. Program Logic Inputs
Certain of the variables and constants supplied to the programs are used as control
parameters to establish the logical path to be followed in the course of calculation or as
descriptive constants for output purposes. Such quantities are to be distinguished from
the parameters that are supplied to specify the physical and nuclear characteristics of
the blanket configuration that is being considered. The control parameters are identified
as follows:
a) METHOD - The calculational method to be used below 5 Mev. Permitted values are:
1 - diffusion model, no fission extrapolation,
2 - diffusion model with fission extrapolation,
3 - integral transport model, no fission extrapolation,
4- integral transport model with fission extrapolation,
5- differential transport model, no fission extrapolation,
6- differential transport model with fission extrapolation.
b) JJ- The order of the directional quadrature. Permitted values are 4 and 8
(unless restricted by program capabilities).
c) NCLDS - The number of different nuclides to be considered in the blanket. The
maximum number is 10.
d) MAXF - The total number of fission iterations desired.
e) IFIS - The value 1 bypasses breakpoint output of flux distributions after each fis-
sion iteration. The value 2 yields breakpoint output.
f) LINK - The value 1 couples the higher and lower energy programs as a chain job
for a given configuration. The value 0 separates the programs into two independent sub-
missions.
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g) CONVRG - The convergence criterion for differential transport and diffusion iter-
ations (0. 005 has proved adequate).
h) XQ(i) - A one dimensional array of twelve floating point variables provided as
reserve input. The quantity XQ(l) is the thermalization criterion in the lower energy
programs (30. 0 is suitable for practical materials). No other elements are used.
i) LY(i) - A one-dimensional array of 12 fixed-point variables provided as reserve
input. No elements are used as input although several are used internally. The values
read must be 0.
j) IQQA, IQQB, IQQC - The value 0 indicates that no resonance absorbing nuclides
are present in subregions A, B, and C, respectively. The value 1 indicates that
resonance-absorbing nuclides are present.
k) KKF- The subregion in which a fissile nuclide is present. The values 1, 2, and
3 indicate subregions A, B, and C, respectively. When no fissile nuclides are present,
the value should be 0.
1) ITER- Not used. The value must be 0.
A few additional quantities are provided for output purposes. These are:
m) E(i) - A one-dimensional array of 38 elements in the higher energy program,
16 in the lower, listing the upper energy bounds of the energy groups.
b. Physical and Nuclear Inputs
In addition to the logical and output parameters, the programs require as input a
description of the physical and nuclear characteristics of the blanket assembly that is
being considered. In all that follows, distances are expressed in centimeters, cross
sections in barns, and atomic densities in units of 1024 atoms per cubic centimeter.
Note that in this convention the product of microscopic cross section and atomic density
is macroscopic cross section in reciprocal centimeters. The variables have the forms:
a) MODE - The geometric form of the configuration to be considered. Permitted
values are:
1 - slab blanket with straight-ahead plane source,
2 - slab blanket with slab source,
3 - cylindrical blanket with line isotropic source,
4- cylindrical blanket with cylindrical isotropic source,
5 - spherical blanket with point isotropic source,
6- spherical blanket with spherical isotropic source.
b) RP - The radius of the cylindrical or spherical source.
c) RW - The radius of the first surface of the wall.
d) A, B, C, U, V- The thicknesses of subregions A, B, C, D, and E, respectively.
e) SPCA, SPCB, SPCC, SPCU, SPCV- The mesh spacings in subregions A, B, C,
D, and E, respectively.
f) AAN, BBN, CCN, UUN, VVN - The atomic densities of a given nuclide in sub-
regions A, B, C, D, and E, respectively.
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g) FFN - The atomic density of the fissile nuclide in the subregion specified by KKF.
h) ESFX(i) - A one-dimensional array of 34 elements listing the product of fission
cross section by neutron yield per fission in the first 34 energy groups.
i) FSPCT(i) - A one-dimensional array of 38 elements listing the probabilities that
a fission-born neutron appears in each of the first 38 energy groups. (The sum of the
elements must be unity.)
j) S(i) - A one-dimensional array with a maximum of 8 elements giving the angular
distribution of primary source neutrons for each of the Legendre-Gauss directional
cosines, beginning with the most nearly straight-ahead.
An array and a single variable, together with identifying FLIP cards, are generated
as punched-card output by the higher energy program for use as input to the corre-
sponding lower energy program. These are:
k) TSD(i, j) - The distribution in space, i, and energy, j, of neutron sources in the
35 t h through the 38 t h groups arising from neutron-induced reactions in the first 34
higher energy groups.
1) TTLLKG - The neutron loss caused by leakage through the outer boundary in the
first 34 higher energy groups.
c. Nuclide Decks
General Form
In addition to the input quantities already considered, it is necessary to supply to the
programs tabulations of neutron scattering and absorption probabilities in each energy
group for each of the nuclides in a blanket assembly. The word "nuclide" is used here
to indicate a material of unique nuclear properties. In most cases elements, consisting
of one or more isotopes, are considered to be "nuclides. " Occasionally, isotopes are
treated as individual nuclides. The tabulation for a single nuclide takes the form of a
deck of cards supplied as input to the appropriate programs. Each deck incorporates
all data necessary for describing the probability of occurrence of the several neutron-
induced reactions of interest and the results of the reaction for neutrons in all energy
groups colliding with nuclei of the nuclide that is being considered. The precise forms
of the higher and lower energy decks are specified below, together with symbolic listings
of the decks. Listings of the decks themselves are incorporated in Appendix D.
Higher Energy Nuclide Deck
The deck associated with the higher energy program consists of 163 cards. The deck
is arranged in sections giving in sequence the title card, the elastic scattering matrix,
the directional correlation array, the nonelastic scattering matrix, a special scattering
matrix used in generating the source array for coupling to the lower energy routines,
and the total cross-section array. The nonelastic matrix is in reality a triangular array,
since upscattering is forbidden. In the interest of conservation of machine storage
registers, all identically zero elements of the matrix have been discarded and the array
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has been folded into a more compact form. Table C. 1 is a symbolic listing of a higher
energy nuclide deck. The symbols at the far right are sequence numbers appearing in
columns 73-80. Entries set off by asterisks are inserted only for heuristic purposes
and must not appear in the actual nuclide decks. The title entry has the format 2A6; all
numerical entries are in the form F12. 8.
Lower Energy Nuclide Deck
The lower energy deck, used with the lower energy program, contains a total of 17
cards if the corresponding nuclide does not exhibit significant resonance capture, or 21
cards if resonance effects must be treated explicitly. The deck consists of a title card,
a mixture of one- and two-dimensional arrays covering volume based effects, and, when
required, a one-dimensional source weight array. Each of the volume-oriented cards
corresponds to a single energy group and contains in successive entries the cross
sections for ingroup scattering and for scattering to the next three lower energy groups,
the mean scattering cosine and the total cross section for that group. On the card cor-
responding to the lowest energy group the fourth entry is the logarithmic energy decre-
ment of the nuclide. Each card also contains an identifying sequence number in columns
73-80. Table C. 2 is a symbolic listing of a lower energy nuclide deck including surface
absorption entries. Entries set off by asterisks are introduced for clarification only
and do not appear in actual decks. The title entry has the format 2A6; all numerical
entries are in the form F12. 8.
C. 3 STRUCTURE OF THE INPUT DECKS
a. Higher Energy, Three-Region Program
Card Format Entries
1 916, F12.5 NRUN, MODE, METHOD, JJ, NCLDS
MAXF, KKF, IFIS, ITER, CONVRG
2 8F8.4 RP, RW, SPCA, A, SPCB, B, SPCC, C
3-6 10F7. 3 E(i)
7, 8 6F12.8 XQ(i)
9 1216 LY(i)
(The following subdeck is supplied for each nuclide.)
NO 3F8. 6 AAN, BBN, CCN
N1-N163 (as required) Higher Energy Nuclide Deck
(The following subdeck is supplied only if MAXF is nonzero.)
FO F8. 6 FFN
F1-F6 6F12. 8 ESFX(i)
F7-13 6F12.8 FSPCT
(The following card is supplied only if MODE = 2.)
Source 8F8. 4 S(i)
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b. Higher Energy, Five-Region Program
Format Entries
A6, 416, NRUN, MODE, METHOD, NCLDS, LINK
F12.5 CONVRG
8F8. 4 RP, RW, SPCA, A, SPCB, B, SPCC, C
SPCU, U, SPCV, V
10OF7. 3 E(i)
6F12. 8 XQ(i)
1216 LY(i)
(The following subdeck is supplied for each nuclide.)
5F8. 6
(as required)
AAN, BBN, CCN, UUN, VVN
Higher Energy Nuclide Deck
(The following card is supplied only if MODE = 2.)
4F8. 4 S(i)
c. Lower Energy, Three-Region Program
Format
916, F12.5
8F8. 4
4F12. 6
6F12. 8
1216
Entries
NRUN, MODE, METHOD, JJ, NCLDS,
MAXF, KKF, IFIS, ITER, CONVRG
RP, RW, SPCA, A, SPCB, B, SPCC, C
E(i)
XQ(i)
LY(i)
(The following subdeck is supplied for each nuclide.)
NO
N164-N180
3F8. 6, 316
(as required)
AAN, BBN, CCN, IQQA, IQQB, IQQC
Lower Energy Nuclide Deck (Volume Cards)
(The following additional cards are included if IQQA, IQQB, or IQQC is nonzero.)
4F12. 6 Lower Energy Nuclide Deck (Surface Cards)
(The following card is supplied only if MODE = 2.)
8F8. 4 S(i)
(The following 25 cards are generated by the Higher Energy Program.)
6E12. 4
F12. 8
TSD(i, j)
TTLLKG
d. Lower Energy, Five-Region Program
Format
A6, 316,
F18.5
Entries
NRUN, MODE, METHOD, NCLDS, CONVRG
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Card
1
2A, 2B
3-6
7, 8
9
NO
N1-N163
Source
Card
1
2
3-6
7, 8
9
SRl-SR4
Source
Card
1
I-IYUIII--··II---X_ · 1 ·II ---I_ I-_--------I_^-·(-LIII····UL····III-LIILIII
Format Entries
8F8. 4 RP, RW, SPCA, A, SPCB, B, SPCC, C
SPCU, U, SPCV, V
4F12. 6 E(i)
6F12. 8 XQ(i)
1216 LY(i)
(The following subdeck is supplied for each nuclide.)
5F8. 6, 316
N164-N180 (as required)
AAN, BBN, CCN, UUN, VVN, IQQA,
IQQB, IQQC
Lower Energy Nuclide Deck (Volume Cards)
(The following additional cards are included if IQQA, IQQB or IQQC is nonzero.)
4F12. 6 Lower Energy Nuclide Deck (Surface Cards)
(The following card is supplied only if MODE = 2.)
4F8. 4 S(i)
(The following 45 cards are generated by the Higher Energy Program.)
6E12. 4
F12. 8
TSD(i, j)
TTLLKG
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Card
2A, 2B
3-6
7, 8
9
NO
SR1 -SR4
Source
_ I __
APPENDIX D
Neutron Cross Sections and Scattering Matrices
D. 1 INTRODUCTION
One of the expressed goals of this study is to compile nuclear reaction data for
nuclides of potential value in fusion reactor blanket assemblies. Of particular interest
are the cross sections for neutron-induced reactions at neutron incident energies in the
range from thermal energy to -14 Mev, and the energy distributions of neutrons emitted
during neutron-induced reactions.
A literature survey has yielded enough published information to permit the develop-
ment of a set of 50 group cross sections and corresponding elastic and nonelastic scat-
tering matrices for 14 nuclides of immediate interest in the blanket problem. The search
for, and preparation of, data for two of these nuclides, thorium 232 and uranium 238,
were carried out by L. N. Lontai in connection with the study of applications of fissile
materials in fusion reactor blankets. Lontai' s results are summarized in the report
dealing with that aspect of the over-all problem. 5 The remaining 12 nuclides are more
directly within the scope of the present study and are dealt with here.
It is our purpose here to indicate the sources from which data are drawn, weigh the
apparent reliability of the data, outline how gaps in published data were filled, and pre-
sent in tabular form the group cross sections and nuclide decks used in making the cal-
culations reported in Sections VII and VIII. The rest of this appendix is divided into 12
independent sections, each dealing with a single element or nuclide. Subsections are
devoted to discussions of cross sections in the high-energy (0. 42 Mev to 14. 2 Mev) and
low-energy (thermal to 0. 42 Mev) regions with tables of group cross sections and to
remarks concerning energy distributions of nonelastically scattered neutrons, together
with listings of the nuclide decks.
The notation used in referring to the various nuclear reactions of interest here is
that recommended by the U. S. Atomic Energy Commission's Nuclear Cross Section
Advisory Group, and set forth by Shev and Moore,67 among others. Extensive use has
been made of the cross section compilations of Hughes and Schwartz, 5 2 Howerton, 6 8 and
Buckingham, Parker, and Pendlebury,18 and particularly of the bibliography of cross
section information prepared by Prince.6 9
D. 2 HYDROGEN
a. High-Energy Cross Sections
Total Cross Section: Plotted for all energies of interest by Hughes and Schwartz52
and is used as given.
Nonelastic Cross Section: Hydrogen has no appreciable nonelastic cross section at
energies above 400 kev.
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Elastic Cross Section: Identical to the total cross section.
b. Low-Energy Cross Sections
Total Cross Section: Taken from Hughes and Schwartz. 5 2
Nonelastic Cross Section: The only nonelastic reaction evinced by hydrogen is a
pure (v - 1 ) capture cross section. The magnitude is given by Hughes and Schwartz at
0. 025 ev and is extrapolated to all other energies.
Elastic Cross Section: Taken as the difference between the total cross section and
the nonelastic cross section.
Radiative Capture Cross Section: The magnitude of na is given at 0. 025 ev by
52 n,yHughes and Schwartz. Values at other energies are obtained by extrapolation.
c. Neutron Nonelastic Spectra
No neutrons are emitted as a result of nonelastic collisions with hydrogen.
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Cr- t -r 0 In s x aW' v
01 0.6800 0.6800 0.0000 0.00000
02 0.7500 0.7500 0.0000 0.0000
03 0.8250 0.8250 0.0000 0.0000
04 0.9100 0.9100 0.0000 0.0000
05 0.9950 0.9950 0.0000 0.0000
06 100900 1.0900 0.000 0.0000
07 1.1800 1.1800 0.0000 0.0000
08 1.2900 1.2900 0.0000 0.0000
09 1.4000 1.4000 0.0000 000000
10 1.5200 1.5200 0.0000 0.0000
11 1.6400 1.6400 0.0000 0.0000
12 1.7600 1.7600 0.0000 0.0000
13 1.8900 1.8900 0.0000 0.0000
14 2*0100 2.0100 0.0000 0o0000
15 2.1500 2.1500 0.0000 0.0000
16 2.3100 2.3100 0.00 0.0000
?7 2*4500 2*4500 0.0000 0.000
18 2.6200 2.6200 0.0000 0.0000
19 2.8000 2.8000 0.0000 0.0000
20 2.9500 2.9500 0.0000 0.0000
21 3*1300 3.1300 0.0000 0.0000
22 3.3300 3.3300 0.0000 0.0000
23 3.5200 3.5200 0.0000 0.0000
24 3.7300 3.7300 0.0000 0.0000
25 3*9700 3.9700 0.0000 0.0000
26 4.2200 4.2200 0.0000 0.0000
27 4.4500 4.4500 0.0000 0.0000
28 4*7000 4.7000 00000 0.0000
29 5.0000 5*0000 0.0000 0.0000
30 5.3000 5.3000 0.0000 0*0000
31 5.6000 5.6000 0.0000 0.0000
32 5*9200 5.9200 0.0000 0.0000
33 6.2000 6.2000 0.0000 0.0000
34 6.5500 6.5500 00000 0.0000
35 7.2000 7.2000 0.0000 0.0000
36 8.4500 8.4500 0.0000 0.0000
37 10.4500 10.4499 0.0001 0*0001
38 13.0000 12.9998 0.0002 0.0002
39 15.7000 15.6997 0.0003 0.0003
40 18.0000 17.9996 0.0004 0.0004
41 20.0000 19.9994 0*0006 0.0006
42 20*0000 19.9991 0.0009 0.0009
43 20.0000 19.9986 0.0014 0.0014
44 20.1000 20.0980 0.0020 0.0020
45 20.2000 20.1970 0.0030 0.0030
46 20.3000 20.2957 0.0043 0.0043
47 20.4000 20.3941 0.0059 0.0059
48 20.5000 20.4907 0.0093 0.0093
49 20.6000 20.5863 0.0137 0.0137
50 35.5000 35.1680 0.3320 0*3320
TABLE D.1 FIFTY GROUP NEUTRON CROSS SECTIONS FOR HYDROGEN
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D. 3 LITHIUM-6
a. High-Energy Cross Sections
Total Cross Section: Plotted over the entire range of interest by Hughes and
Schwartz.52
Nonelastic Cross Section: Gorbachev and Poretsky70 give for the 14-Mev nonelastic
cross section in Li6 a value of 0. 66 0. 056 b. Rosen and Stewart7 1 give for the elastic
cross section in Li 6 at 14 Mev a value of 840 ± 95 mb (attributed to Armstrong72 ), while
the total cross section given by Hughes and Schwartz is 1.53 b, which, by subtraction,
gives a value of 0. 69 b for the nonelastic cross section. The directly measured value
is preferred.
The possible nonelastic neutron-induced reactions in Li6 at 14 Mev are:
(a) Li(n, t)He4
(b) Li6(n, d)He 5 -n + He4; Li 6(n, d)He5* -n + He 4
(c) Li 6 (n, p)He 6 -n + n + He 4 ; Li6 (n, p)He 6 2 Li 6
(d) Li6(n, 2np)He 4
(e) Li 6 (n, n')Li6 .
Separate measurements of the cross sections for the various nonelastic processes at
14 Mev yield
n,t 26 mb (5)
an, dn 300 mb (3)
c, p 6.7 mb (6)
cn, pZn 122 mb (4)
Total 454 mb
Compared with the Gorbachev and Poretsky value of nx in Li 6 at 14 Mev, the listing
above fails to account for approximately 200 mb in nonelastic events. Ajzenberg-Selove
and Lauritsen 7 3 observe that certain levels in Li 6 decay only by gamma emission. The
assumption is made that the 200 mb unaccounted for is the cross section for the various
(n, n') processes.
Below 14 Mev the nonelastic cross section includes contributions from cn t at all
energies, n dn above 2 Mev, n (3. 58y) and a- above 3. 7 Mev, and an (>9. Oy)
n, dn n,n n, 2np n,n
above -9 Mev.
Elastic Cross Section: A value for n of 0. 81 b, derived by subtracting measured
n, n
values of n x from n T' is in good agreement with the Armstrong value of
0. 84 ± 0. 095 b at 14 Mev. The calculated value is preferred for consistency. Below
14 Mev no measured values are available and the difference between total and nonelastic
cross sections is used.
Radiative Capture Cross Section: Has not been observed at energies above 400 Mev.
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The 0. 025-ev value of re is sufficiently small, 28 mb, 52 that the reaction may be
n, y
safely disregarded in the higher energy region.
Proton Emission Cross Section: Battat and Ribe74 give the value 6. 7 mb for a
a6 ib. Frye75 n, p
at 14 Mev in Li . Frye 7 5 gives for the same cross section approximately 6 mb, in good
agreement. The reaction is neglected.
Triton Emission Cross Section: The cross section for the reaction Li 6(n, t)He 4 has
been plotted over the entire energy range of interest by Hughes and Schwartz, 52 and is
used as plotted.
Inelastic Cross Section: Inelastic excitation of a level at 3. 56 Mev in Li6 , followed
by de-excitation by gamma-ray emission, has been observed.73 De-excitation of levels
above 9 Mev in Li7 has also been observed, 73 and corresponding excitation with de-
excitation by gamma-ray emission in Li6 is assumed for levels above 9 Mev. The total
inelastic cross section at all energies is taken to be the difference between the non-
elastic cross section and the sum of the cross sections for the other nonelastic
processes. Apportioning of the inelastic cross section between excitation of the
3. 56-Mev level and the levels above 9 Mev is made on the premise that excitation of the
high-energy levels competes with, and at sufficiently high energy overcomes, excitation
of the lower isolated level.
Breakup Cross Sections: Both breakup cross sections of importance in Li6 ( dn
and rn, Znp) have been measured by Rosen and Stewart and are used as plotted. 71
b. Low-Energy Cross Sections
Total Cross Section: Plotted over the entire energy range of interest by Hughes
and Schwartz, 52 and is used as plotted.
Nonelastic Cross Section: The nonelastic cross section, identical to the (n, t) cross
section, is plotted by Hughes and Schwartz at energies above 20 kev. Below 20 kev the
only direct information available is rn t at 0. 025 ev. In the region below 20 kev, crn
is obtained in the form nT - n n' where the elastic cross section is assumed constant
at 0. 85 b, the average of -n, n in the region from 10 kev to 120 key.
Elastic Cross Section: In the energy region above 20 key, nT and -nx are available
and the elastic cross section is taken to be the difference between these. Below 20 kev
rn, n is assumed constant at 0. 85 b, the average value between 10 kev and 120 kev.
c. Neutron Nonelastic Spectra
The energy distribution of secondary neutrons, which is due to the (n, nd) reaction in
Li6 , is given over all but the lowest incident energy range by Rosen and Stewart, 71 and
is used as published. In the low incident energy range, the distribution is assumed
independent of incident energy.
Because of the complexity of the four-body (n, 2np) reaction, the assumption is made
that the neutrons appear with equal probability at all energies below the incident
energy.
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Scattering from the levels above 9 Mev is treated as though the high levels form
a continuum; the neutrons appear with equal probability at all allowed energies.
Scattering from the 3. 56-Mev level is treated by the isolated-level model.
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01 1.5300
02 1*5700
03 1.6200
04 1.6600
05 1.7200
06 1.7700
07 1.8300
08 1*9000
09 1.9500
10 2.0000
11 2.0400
12 2.0600
13 2.0500
14 2.0200
15 1.9300
16 1.8500
17 1,7000
18 1.5700
19 1.4500
20 1.3800
21 1.3500
22 1.3500
23 1.3600
24 1.3800
25 1.4100
26 1*4500
27 1.5100
28 1.5800
29 1.6500
30 1.7500
31 1.8700
32 2.0500
33 2.3000
34 2.5500
35 4.0000
36 7.7500
37 3.8000
38 1.6500
39 1.5500
40 2.1700
41 2.6400
42 3.5200
43 4.4880
44 6.8200
45 9.5600
46 13.3900
47 18.8000
48 26.6000
49 38.3000
50 945.8500
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0.8650
0.9050
0.9500
0.9950
1.0550
1.1050
1.1650
1.3250
1.3850
1.3600
1.4100
1.4600
1.5130
1.5490
1.5430
1.5850
1.4570
1.3450
1.2250
1 1610
1.1230
1.1100
1.1080
1.1150
1.1330
1.1600
1.2100
1.2650
1.3150
1.3850
1.480-0
1.5750
1.7150
1.7600
2.6700
5.4000
2.4300
0,9200
0.7700
0.8500
0.8500
0.8500
0. 8500
0.8500
0. 8500
0.8500
0.8500
0.8500
0.8500
0.8500
0,6650
0.6650
0.6650
0.6650
0.6650
0.6650
0.6650
0.6650
0.6650
0.6400
0.6290
0.6000
0.5 370
0,4710
0.3870
0.2650
0.2430
0.2250
0.2250
0,2190
U02270
0.2400
0,2520
0,2650
0,2770
0*2900
0,3000
0.3150
0.3350
0.3650
0.3900
0,4750
0, 5850
0.7900
1.3300
2,3500
1. 3700
0,7300
0.7800
1,3200
1.7900
2.6700
4.0300
5.9700
8.7100
12.5400
17.9500
25.7500
37,4500
945.0000
0.0260
0.0290
0.0320
0.0370
0.0410
0.0460
0,0520
0.0590
0.0670
0.0750
0.0840
0.0950
0, 1070
0.1210
0.1370
0.1550
0.1830
0*1950
0.2100
0.2190
0.2270
0.2400
0.2520
0.2650
0.2770
0.2900
0.3000
0.3150
0.3350
0.3650
0.3900
0.4750
0.5850
0,7900
1.3300
2.3500
1*3700
0.7300
0,7800
1.3200
1.7900
2.6700
4-0300
5,9700
8.7100
12.5400
17.9500
25.7500
37.4500
945.0000
0.1260
0.1310
0.1410
0.1460
0.1410
0.1100
0.0700
0.0320
0.0150
0o0000
000000
0 00000
0. 00000
0. 0000
0.0000
0. 0000
0 0000
0.0000
000000
0.0000
0. 0000
0. 00000
0.0000
0.00000
0 00000
0.00000
0.00000
0,0000
0.0000
0 00000
0.0000
0.00000
000000
0. 0000
0.0000
0.0000
0.00000
0.00000
0.00000
0.0000
0. 00000
0 00000
0.0000
0. 00000
0. 0000
0.0000
0. 0000
0.0000
0. 0000
0.00000
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I(S, . (' a) (>9 ) 0-, d m
01 0,0890 0.1240 0*3000
02 000910 0.0990 03150
03 0O1030 0,0540 0O3350
04 0.1030 0,0190 0,3600
05 000900 0,0000 0,3930
06 090670 0,0000 0,4420
07 00430 0,0000 0,5000
08 0*0290 0,0000 0O5450
09 0*0150 0,0000 0O5650
10 0,0000 0*0000 0,5650
11 0*0000 0,0000 0,5450
12 0*0000 00000 0.5050
13 0*0000 0,0000 0*4300
14 0.0000 0,0000 0,3500
15 0,0000 0,0000 0.2500
16 0,0000 0,0000 0*1100
17 0,0000 0,0000 0,0600
18 0,0000 0,0000 000300
19 0,0000 0,0000 0*0150
20 00000 0,0000 0.0000
21 0*0000 0.0000 0.0000
22 0.0000 0.0000 00000
23 0.0000 0.0000 0.0000
24 0.0000 00000 0.0000
25 0.0000 00000 00000
26 0,0000 0,0000 0.0000
27 00000 00000 0,0000
28 0.0000 0.0000 0.0000
29 0.0000 00000 0.0000
30 0.0000 0,0000 0,0000
31 00000 0.0000 0.0000
32 0.0000 0.0000 0,0000
33 0.0000 00000 0.0000
34 0.0000 0.0000 0.0000
35 0.0000 0.0000 0.0000
36 0.0000 00000 0,0000
37 0.0000 0.0000 0,0000
38 0.0000 0.0000 0.0000
39 0.0000 0,0000 000000
40 0,0000 o0,000oooo0 0,0000
41 0.0000 00000 0,0000
42 0.0000 0,0000 0.0000
43 0.0000 0.0000 0,0000
44 0.0000 0.0000 0,0000
45 0,000 0,0000 0.0000
46 0.0000 0.0000 0.0000
47 0.0000 0.0000 0.0000
48 0,0000 0.0000 0.0000
49 0.0000 0,0000 0,0000
50 0,0000 0.0000 00000
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D. 4 LITHIUM-7
a. High-Energy Cross Sections
Total Cross Section: Plotted over the energy region 0. 01-10 Mev by Hughes and
52Schwartz. The value given for 0 nT at 14 Mev by Hughes and Schwartz is that due to
76 nT ~~~~~~~~77Cook and Bonner, and is in close agreement with the value given by Coon et al.
The value given by Khatetskii 7 8 is in serious disagreement and is discarded. Between
10 Mev and 14 Mev -nT is interpolated. The total cross section of Lib is plotted over
52
the entire energy range of interest by Hughes and Schwartz. The total cross section
of Li 7 is calculated from the natural lithium and Li6 cross sections.
Nonelastic Cross Section: Gorbachev and Poretsky70 give for the nonelastic cross
section in Li7 at 14 Mev a value 0. 52 ± 0. 06 b. Since the corresponding value for Li 6
is in good agreement with nT - r given by Rosen and Stewart, 7 1 the assumption is
made that the Li result is reliable, although independent verification is lacking.
The possible nonelastic neutron-induced reactions in Li 7 at 14 Mev are:
(a) Li7 (n, t)He 5 -n + He 4
Li7 (n, nt)He 4
(b) Li7 (n, d)He 6 -n + n + He4
Li 7 (n, d)He 6 Li 6
(c) Li7(n, pn)He -n + n + He 4
Li 7 (n, pn)He 6 a Li6
(d) Li7(n, 2n)Li 6
Li7(n, 2n)Li 6
(e) Li7 (n, 3np)He4
(f) Li7 (n, 2nd)He4
(g) Li7 (n, n')Li7 .
Separate measurements of the cross sections for the various nonelastic processes at
14 Mev give
Reference
nt + nt 310 mb Rosen and Stewart 7 1
n, ' 75 mb Battat (quoted by Rosen and Stewart 71
n, n
n,d + pn 10 mb Battat and Ribe74 and Frye 7 5
+n , 3np + n 2nd 0 Graves (quoted by Rosen and Stewart 7 1 )
Total - 0.4 b
154
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Compared with the Gorbachev and Poretsky nonelastic cross section, approximately
120 mb are unaccounted for. Ajzenberg-Selove and Lauritsen 7 3 indicate that excited
levels above -9 Mev in Li7 decay by gamma or neutron emission. The Graves results
indicate, however, that decay by neutron emission is very unlikely, while examination
of the Rosen and Stewart (n, nt) plot suggests that a competing nonelastic reaction
becomes significant above -9 Mev. The conclusions are that the competing process is
an inelastic (n, n') reaction involving excitation of levels above 9 Mev, and that the (n, n')
cross section of Battat is for excitation of the level at 0. 478 Mev only. Attributing 75 mb
to the 0. 478-Mev level excitation function at 14 Mev is supported by the remark of Rosen
and Stewart that Beyster' s measurement71 at 7 Mev is, in effect, a - measurement,
n, x
and is approximately 100 mb higher than their (n, nt) measurement. The nonelastic
reaction other than (n, nt) which is possible at 7 Mev is excitation of the 0. 478-Mev
level.
Below 14 Mev the nonelastic cross section includes contributions from a n' (0. 4 78y)n, n
above -0. 5 Mev, n, tn above 3 Mev, and a- (>9y) above -9 Mev.
n,tn nn 
Elastic Cross Section: No direct measurements of a are known. At all energies
n, n
above 0. 4 Mev the elastic cross section is taken to be the difference between the total
and the nonelastic cross sections.
Radiative Capture Cross Section: Has not been observed at energies above 400 kev.
52The 0. 025-ev value of a- is sufficiently small, 33 mb, that the reaction may be
n, y
safely disregarded in the higher energy region.
Proton and Deuteron Emission Cross Sections: Battat and Ribe74 and Frye 7 5 give
for the sum of pn and a-d a total of ~10 mb. The reactions are neglected.
n, pn n, d
Inelastic Cross Section: Inelastic cross sections, apparently corresponding to the
_7
excitation function for the 0. 478-Mev level in Li , are given by Battat at 14 Mev, and
by Beyster (both quoted by Rosen and Stewart 7 1 ) at 7 Mev. A single value at 14 Mev,
associated with excitation of levels above 9 Mev, has been derived as the difference
between the nonelastic cross section and those resulting from all other possible non-
elastic reactions. The excitation function for the high-energy levels is extrapolated to
zero at the threshold. The excitation function of the 0. 478-Mev level is taken as the dif-
ference between a- and the sum of the other nonelastic cross sections.
nx
Breakup Cross Sections: The cross section for the (n, tn) reaction is given over the
energy range of interest by Rosen and Stewart 7 1 and is used as plotted. Graves71 indi-
cates that the sum of the cross sections for the reactions (n, 2n), (n, 3np), and (n, 2nd)
is negligible. These reactions are ignored.
b. Low-Energy Cross Sections
Total Cross Section: Plotted by Hughes and Schwartz 5 2 over the range 1-320 kev,
and is used as plotted. Above 320 kev, a-nT for Li 7 is calculated from the total cross
sections of natural lithium and Li6 . Below 1 kev, anT is assumed to be constant.
Nonelastic Cross Section: The nonelastic cross section for Li is very small,
155
consisting only of on (33 mb at 0. 025 ev), and is neglected above thermal energy.
n, y
Elastic Cross Section: Taken equal to the total cross section, except at 0. 025 ev
where an allowance is made for the radiative capture cross section.
c. Neutron Nonelastic Spectra
The energy distribution of secondary neutrons which is due to the (n, nt) reaction in
Li 7 is given for all but the lowest incident energies by Rosen and Stewart,71 and is used
as published. At energies below those plotted by Rosen and Stewart, the distribution is
assumed to be the same as that given in the lowest energy plot.
Scattering from the levels above 9 Mev is treated as though the high levels form a
continuum. The neutrons are assumed to emerge with equal probability at all allowed
energies.
Scattering from the 0. 478-Mev level is treated by the isolated-level model.
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Tn T ann TV, , t -m , 
01 1*4500 0.9310 0.5190 0.3140 0.0000
02 1*4700 0.9340 0.5360 0.3550 0.0000
03 1*5200 0.9710 0*5490 0.4110 00000
04 1.5900 1*0300 0.5600 0.4550 0*0000
05 1.6900 1.1200 0.5700 0.4820 0*0000
06 1*7900 1.2190 0.5710 0.4810 0.0000
07 1.9100 1,3530 0.5570 0.4650 0.0000
08 2.0100 1.4840 0.5260 0.4320 000000
09 2.1600 1,6850 0.4750 0.3790 000000
10 2.3200 1*9020 0,4180 0.3190 0.0000
11 2*5200 2*1780 0*3420 0.2400 0.0000
12 2.4600 2.1980 0.2620 0.157U 0.0000
13 2.3300 2.1360 0.1940 0.0870 0.0000
14 2.2300 2*0770 0.1530 0.0440 0.0000
15 2.1100 1X9810 0,1290 0.0170 0.0000
16 2.0100 1.8910 0,1190 0.0000 0.0000
17 1.9100 1.7850 0.1250 0.0000 0.0000
18 1.8200 1.6880 0.1320 0.0000 0.0000
19 1*8100 1*6640 0.1460 0.0000 0.0000
20 1o7800 1*6200 0.1600 0.0000 0*0000
21 1*7500 1.5720 0.1780 0.0000 0.0000
22 1.7300 1.5410 0.1896 0.0000 0.0000
23 1.7100 1.5100 0.2000 0.0000 0*0000
24 1.6400 1.4360 0*2040 0.0000 0.0000
25 1.5900 1.4060 0.184.0 0.0000 0.0000
26 1,5300 1.3790 0.1510 0.0000 0.0000
27 1.4700 1.3690 0.1010 0.0000 0.0000
28 1*4200 1*3390 0.0810 0.0000 0.0000
29 1.3000 1.2410 0.0590 0.0000 0.0000
30 1.2300 1.1920 0.0380 0,0000 0.0000
31 1.1800 1*1660 0*0240 0.0000 0.0000
32 1.1300 1.1190 0.0110 0.000U 00000
33 1.1100 1.1100 0.0000 0.0000 0.0000
34 1.1200 1.1200 0,0000 0.0000 0.0000
35 1.7000 1.7000 0.0000 0.0000 0.0000
36 7o2600 7.2600 0.0000 0.0000 0.0000
37 1.7500 1.7500 0.0000 0.0000 0.0000
38 1.0300 1*0300 0.0000 0.0000 0.0000
39 1*0400 1.0400 0,0000 0.0000 0.0000
40 1,0500 1.0500 0,0000 0,0000 0.0000
41 1.0600 1.0600 0,0000 0,0000 0.0000
42 1.0700 1.0700 0,0000 0.0000 0.0000
43 1*0800 1.0800 0.0000 0.0000 0*0000
44 1*0900 1.0900 0.0000 0.0000 0.0000
45 1.1000 1.1000 0.0000 0.0000 0.0000
46 1.1000 1.1000 0.0000 0.0000 0*0000
47 1.1000 1.1000 0,0000 0.0000 0.0000
48 1.1000 1.1000 0.0000 0.0000 0.0000
49 1-1000 101000 0.0000 0.0000 0.0000
50 1o1330 1*1000 0.0330 0.0000 0.0330
TABLE D05 FIFTY GROUP NEUTRON CROSS SECTIONS FOR LITHIUM 7
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I1YI___WI____I_1YIII -..III--)IIII-L-LI ^-_I--)-·. · x -Y- 1 ~1 ~ ~ 1 1 I - -
me ,-, O .n,, I
to 0..^7 8 ) (> 9.0)
01 0.0810 0.1240
)2 0.0820 0.0990
03 0.0840 0.0540
04 0.0860 0.0190
05 0.0880 000000
06 0.0900 0.0000
07 0*0920 0*0000
08 0.0940 0.0000
09 0.0960 0.0000
10 0.0990 000000
11 0.1020 0.0000
12 0.1050 0.0000
13 0.1070 0.0000
14 0.1090 0.0000
15 0O1120 0.0000
16 0.1190 0.0000
17 0.1250 0.0000
18 0.1320 0.0000
19 0.1460 0.0000
20 0O1600 0.0000
21 0.1780 0.0000
22 0.1890 0.0000
23 0.2000 0.0000
24 0.2040 0,0000
25 0O1840 000000
26 0.1510 0.0000
27 0.1010 0.0000
28 0.0810 0.0000
29 0.0590 000000
30 0.0380 0.0000
31 0.0240 0.0000
32 0.0110 000000
33 0.0000 000000
34 000000 0.0000
35 000000 0.0000
36 0.0000 0.0000
37 0.0000 0.0000
38 0.0000 0.0000
39 0.0000 0.0000
40 0.0000 0.0000
41 0.0000 0.0000
42 0.0000 0.0000
43 0.0000 0.0000
44 0.0000 0.0000
45 0.0000 0.0000
46 0.0000 000000
47 0.0000 000000
48 0.0000 0.0000
49 0.0000 0.0000
50 0.0000 0.0000
TABLE D.5 (CONT.9 FIFTY GROUP CROSS SECTIONS FOR LITHIUM 7
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D. 5 BERYLLIUM
a. High-Energy Cross Sections
Total Cross Section: The total cross sections in the energy range of interest given
by Parker, 7 9 Hughes and Schwartz, 5 2 Fossan et al.,80 and Levin and Cranberg 8 1 are
in good agreement. The Parker values are used for consistency with the other cross
sections.
Nonelastic Cross Section: Values for the nonelastic cross section in beryllium are
82given in the region 2. 5-6. 0 Mev by Marion, Levin and Cranberg, and by Levin and
Cranberg 81 ; in the range 4. 0-14.2 Mev by Ball, MacGregor and Booth 8 3 ' 84; at 14 Mev
by Rosen and Stewart ; and over the entire range of interest by Parker. 9 The various
published values are in good agreement. The Parker value is used.
Elastic Cross Section: The elastic scattering cross section is plotted in the region
2. 6-6. 0 Mev by Marion, Levin and Cranberg, 8 2 and by Parker 7 9 over the entire range
of interest. The Parker results are in agreement with those of Marion and his co-
workers, and are used for consistency with the other cross sections.
Radiative Capture Cross Section: The radiative capture cross section given by
Hughes and Schwartz 5Z at 0. 025 ev is very small (9 mb), and has not been measured
at higher energies. The reaction is ignored.
Proton and Deuteron Emission Cross Sections: Neither proton nor deuteron emission
resulting from neutron-induced reactions in beryllium has been observed. Since the sum
of the measured individual nonelastic cross sections is sufficient to account for the
observed total nonelastic cross section over a range of energies, emission of protons
and deuterons is assumed to be negligible.
Triton Emission Cross Section: The values given by Parker 9 and Vasil'ov, Komaron
86
and Popova for n in the vicinity of 14 Mev differ by about an order of magnitude.
n, t
The Parker values are used partly for consistency and partly because they are based on
additional, more recent measurements.
Alpha Emission Cross Section (yielding Li 6 via beta decay): The (n,a) cross section
87is plotted in the range from threshold to 4. 5 Mev by Stelson and Campbell 8 ; and by
Vasil'ov, Nomarov and Popova 86; in the range 4-8 Mev by Bass, Bonner and Haenni 8 8;
and in the range from threshold to 15 Mev by Parker. 7 9 Values of isolated energies
between 2. 5 Mev and 6. 0 Mev are also tabulated by Marion, Levin and Cranberg. The
agreement is good; the Parker plot is most nearly complete and is used.
(n, Zn) Cross Section: Values for the (n, 2n) cross section in beryllium are given by
Catron et al., Parker, and Hughes and Schwartz 5 2 over the energy range of interest.
Additional values are plotted near the apparent threshold by Fischer. 9 0 Above 3 Mev,
all values are in good agreement. Below 3 Mev, two schools of thought exist, made up
of Fischer, supported by Shev and Moore,9 and Catron et al. on the one hand, and of
Parker and Marion, Levin, and Cranberg8 2 on the other. According to the Fischer
school the threshold of the (n, 2n) process is directly associated with excitation of the
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2. 43 Mev level in Be9 by inelastic scattering, the level subsequently decaying by neutron
emission. Parker infers that the threshold is somewhat lower in energy and is associ-
ated with breakup reactions that yield two neutrons and two alphas. The Fischer results
are substantiated by the more recent measurements and are preferred near the thresh-
old. Otherwise Parker's values are used.
Inelastic Cross Section: Anderson et al.9 2 observe that no gamma rays associated
with Be9 * have been detected. Decay of excited levels proceeds by emission of a second
neutron or a charged particle. The inelastic cross section is taken to be zero at all
energies.
b. Low-Energy Cross Sections
Total Cross Section: The a- plots of Parker 7 9 and Hughes and Schwartz 5 2 are in
n, t
good agreement in the lower energy region. The Parker plot is used for consistency.
Nonelastic Cross Section: The only nonelastic reaction energetically permitted
below 400 Mev is radiative capture. The (n, y) cross section is so small even at thermal
energy52 that the reaction is ignored. The nonelastic cross section is assumed to be
zero in the entire lower energy region.
Elastic Cross Section: In the absence of a nonelastic cross section the elastic cross
section is identically the total cross section. The Parker7 9 values are used.
Radiative Capture Cross Section: Radiative capture is ignored due to the very low
(n, y) cross section at thermal energy.
c. Neutron Nonelastic Spectra
If excitation of the apparent level at 1. 75 Mev is ignored, all nonelastic, non-loss
reactions in beryllium give rise eventually to two neutrons and two alpha particles,
although the detailed processes are numerous. Among them are:
n + Be9 -n' + Be9*(2.43y)--n' + n+ Be8 -- n' + n + 2He4
n + Be 9 - n' + Be9 (2.43y)-n'+ He 4 + He 5 - n' + n +He + He+ e4
n + Be 9 -n' + Be9 (2. 4 3y) (?) -n' + n + 2He4
n+ Be 9 -He4 + He6 (1.71y) (?) -He 4 + 2n+ He 4
n + Be 9 -He 4 + He6* (>1. 71y)-- (?) -He 4 + 2n + He 4
n + Be 9 - 2He 4 + 2n (via direct breakup).
Ajzenberg-Selove and Lauritsen 9 3 and Anderson et al.9 2 observe that the cross section
for excitation of Be 9*(2. 4 3 y) by 14-Mev neutrons is 170 mb, roughly one third of the
total (n, 2n) cross section at 14 Mev. This process should yield one neutron at
-11. 6 Mev. The spectrum of Rosen and Stewart 8 5 shows no response in that energy
region, thereby indicating a serious contradiction between published results. It is con-
ceivable, but unlikely, that processes involving excitation of higher levels in Be 9 and
165
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a mixed cascade of gamma rays down to the 2. 43-Mev level, with neutron de-excitation
from there to ground state, do occur. The result is that the small amount of available
information is of questionable value, while the variety of allowed processes is so great
that theoretical prediction of the spectra is out of the question.
Parker 7 9 assigns probabilities in the form of delta functions in lieu of spectra. These
probabilities of all allowed energies are used as published.
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1.5000
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1 5900
1.6000
1 6200
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1.8400
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01 0.0100
02 0.0150
03 0.0200
04 0.0250
05 0.0290
06 0.0330
07 0.0250
08 0,0170
09 0.0160
10 0.0330
11 0.0510
12 0.0660
13 0.0850
14 0.0940
15 0.1000
16 0.1020
17 0.0920
18 0.0700
19 0.0560
20 0.0410
21 0.0300
22 0.0180
23 0.0100
24 0.0050
25 0,0020
26 0.0000
27 0.0000
28 0.0000
29 0.0000
30 0.0000
31 0.0000
32 0.0000
33 0,0000
34 0.0000
35 0.0000
36 0.0000
37 0,0000
38 0.0000
39 0,0000
40 0.0000
41 0o0000
42 0.0000
43 0.0000
44 0.0000
45 0.00000
46 0.0000
47 0.0000
48 0.00000
49 000000
50 0.0000
TABLE 0.7 lCONTo FIFTY GROUP CROSS SECTIONS FOR BERYLLIUM
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D. 6 BORON
a. High-Energy Cross Sections
Total Cross Section: The values given by Fosson et al. 9 4 for the total cross section
52
in the energy range of interest are in agreement with those of Hughes and Schwartz, 5 2
and of Buckingham, Parker and Pendlebury. 1The Fosson values are used.
Nonelastic Cross Section: The nonelastic cross sections for natural boron were taken
to be the sum of the several individual nonelastic cross sections. The value thus obtained
at 14 Mev is in good agreement with the "inelastic" (almost certainly an error in trans-
lation) cross section measured by Gorbachev 7 8 at 14 Mev.
Elastic Cross Section: Taken to be the difference between the total and the nonelastic
cross sections of all energies of interest.
Radiative Capture Cross Section: The radiative capture cross sections in B 1 0 and
11 52B at 0. 025 ev are given by Hughes and Schwartz as 500 mb and less than 50 mb,
respectively. Owing to the much larger (n, a) cross section in B 10 , the (n, y) cross
section in boron is neglected.
Proton Emission Cross Section: Neutron-induced reactions in B 1 0 and B 1 1 yielding
protons have not been observed. Thresholds are high for both isotopes. The reactions
are neglected.
Deuteron Emission Cross Section: In B1 0 the (n, dn) reaction has a theoretical
threshold, with Coulomb barrier effects neglected, of 4. 36 Mev. The effective thresh-
old is 11 Mev. The cross section above 12 Mev is given by Frye and Gammel 9 and is
extrapolated to threshold at 11 Mev. In B 1 the threshold is at -11 Mev also. The reac-
tion has not been observed and is neglected.
Triton Emission Cross Section: The (n, t) cross section in B10 has been measured
96in the range 4-16 Mev by Wyman, Fryer and Thorpe who compile their measurement
with previously published results. There is apparently some discrepancy between these
results and some unpublished results (noted by Shev and Moore 9 7 ) which indicate that
the values of Wyman et al. may be high. These values are used for lack of better ones.
In B1 1 the threshold is high, -11 Mev. Wyman et al. give the cross section at 14. 2 Mev.
The cross section at lower energies is extrapolated.
Alpha Emission Cross Section: For B n a is given in the range 0. 02-4. 8 Mev
by Cook and Bonner7 6 and Bischel and Bonner. 9 8 Above 4 Mev, the alpha emission cross
section decreases rapidly, because of competition from other reactions. The plot is
extrapolated to zero at 6. 5 Mev. For B 1 1 the cross section is given in the range 12. 6-
20 Mev by Frye and Gammel. 9 5 Below 12. 6 Mev, the plot is extrapolated to yield a
nominal threshold of -9. 5 Mev.
(n, 2n) Cross Section: Thresholds for (n, 2n) processes in both B1 0 and B11 are high.
The reaction has not been observed for either nuclide. The cross section is assumed
to be zero at all energies of interest.
Inelastic Cross Section: The excitation function for emission of a 0. 72 Mev gamma
175
_ __ ~ ~ ·.............................. ~--·- -.. .
ray from B1 0 has been measured in the range 1. 5-5. 0 Mev by Day and Walt. The
resonances observed by Day are readily correlated (with the exception of the first very
sharp peak) with levels listed by Ajzenberg-Selove and Lauritsen 7 3 who used the relation
E (resonance E) level (11/10) + 0. 8. If the first peak is deleted, the curve from
2. 5 Mev to 5. 0 Mev is in fair agreement with the plot given by Buckingham, Parker and
Pendlebury. By subtracting the sum of the cross sections of the other nonelastic pro-
cesses from the measured ra value given by MacGregor et al. 100 at 14 Mev an esti-
n,x
mate of n at 14 Mev is obtained. The plot is interpolated between 5 Mev and 14 Mev.
n, n'
The resultant plot, with allowance for resonances evident in the a-n plot, is at least in
qualitative agreement with the curve of Buckingham et al. For B 1 1 the excitation function
for the lowest level, at 2.14 Mev, was measured and has been tabulated by Howerton. 1
The value at 14 Mev was estimated as in B 0. The curve is interpolated between the
measured value at 3 Mev and the estimate at 14 Mev, with predicted resonances taken
into account.
The plot obtained for natural boron by combining the inelastic cross sections for the
two stable isotopes is in rather pronounced disagreement with that given by Buckingham
et al.1 8 In particular, they show that the threshold for (n, n') reactions in boron cor-
reponds to excitation of a level at 0. 45 Mev. No such level in either B 1 0 or B 1 is
known. A level in Li7 at 0. 43 Mev, excited by the process B (n, a)Li 7 , is known and
is believed to be the source of response in the vicinity of 0. 45 Mev.
b. Low-Energy Cross Sections
Total Cross Section: The total cross section in the lower energy region is plotted
by Hughes and Schwartz 5 2 and by Buckingham, Parker and Pendleburyl 8 with good
agreement. The Hughes and Schwartz plot is used.
Nonelastic Cross Section: The nonelastic cross section below 400 kev is identical
to the B 10 (n, x) cross section. The plots of Hughes and Schwartz 5 2 and of Buckingham,
Parker and Pendlebury18 are in good agreement.
Elastic Cross Section: Taken to be the difference between the total and nonelastic
cross sections.
Radiative Capture Cross Section: The (n, y) cross sections in B 1 0 and B 11 are very
small compared with the B 0(n, a) cross section and are ignored.
Alpha Emission Cross Section: The cross sections for the reaction in B 10(n, a) are
-55- 18
plotted by Hughes and Schwartz and by Buckingham, Parker and Pendlebury with
good agreement. The Hughes and Schwartz plot is used for consistency.
c. Neutron Nonelastic Spectra
For incident neutron energies above 9 Mev the statistical model is assumed to be
valid. For energies between 6 Mev and 9 Mev the empirical model is used. Neutrons in
the range 5-6 Mev are assumed to excite the 4. 46-Mev level in B1 1; the emergent spec-
trum is calculated by using the isolated-level model. Neutrons in the region 2.5-5.0 Mev
176
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11
are assumed to scatter from the 2. 14-Mev level in B , and the 2. 15-Mev level
in B10 ; the emission energy spectrum follows the isolatedlevel model. Below 2. 5 Mev
nonelastic scattering does not occur.
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, r
01 1.3510
02 1.3880
03 1.4000
04 1.4150
05 1.4250
06 1.4300
07 1.5800
08 1.5200
09 1.6200
10 1.5300
11 1.5600
12 1.5300
13 1.4100
14 1.5500
15 1.5300
16 1*7000
17 1.9200
18 1.9500
19 1.7100
20 1.8400
21 2.2000
22 2.1000
23 2.2500
24 2*9000
25 2.2500
26 1.7700
27 1.7500
28 1.9500
29 2.2000
30 2.4000
31 2.7000
32 3.0500
33 3.4000
34 4.8000
35 4.1000
36 3.6000
37 3.8000
38 4.2000
39 4.6000
40 5.1000
41 5.7000
42 6.0000
43 6.3000
44 6.8400
45 8.1800
46 10.1400
47 13.6100
48 19.6100
49 30.6000
50 759.0000
TABLE 0.9 FIFTY GROUP NEUTRON CROSS SECTIONS FOR BORON
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0O7166
0,7769
0. 8212
0.8655
0,8985
1.0040
1.1671
1.1883
1.3444
1.2734
1.3903
1.4005
1.3208
1.4919
1.4800
1.6421
1.8636
1.8940
1.6580
1.7650
2.1210
2.0420
2.2070
2.8630
2.2130
1.7310
1,7070
1 9010
2.1420
2.3300
2.6200
2.9470
3*2780
4.6750
3.9700
3.4500
3*5600
3.6500
3.7500
3.8000
4.0000
4.0000
4. 0000
4.0000
4 0000
4.0000
4.0000
4.0000
4.0000
4.0000
0.6344
0.6111
0. 5788
0. 5495
0,5265
0.4260
0.4129
0.3317
0.2756
0.2566
0.1697
0,1295
0,0892
0.0581
0 05 00
0.0579
0.0564
0 0560
0.0520
0.0750
0.0790
0.0580
0.0430
0,0370
0,0370
0.0390
0.0430
0.0490
0.0580
0.0700
0.0800
0.1030
0 1220
0 1250
0 1300
0*1500
0.2400
0.5500
0,8500
1.3000
1.7000
2.0000
2.3000
2.8400
4 1800
6.1400
9.6100
15.6100
20.6000
755.0000
a-",t
0.0290
0.0300
0.0290
. 0 270
0.0260
0,0280
0.0350
0 0430
0.0 460
0.0460
0.0410
0.0330
0.0200
0.00 10
0.0 000
0.0000
0. 0000
0.0000
0. 0000
0. 0000
0.0000
0.0000
0. 0000
0. 0000
0. 0000
0. 0000
0.0000
0.0000
0. 0000
0.0000
0. 0000
0. 0000
0.0000
0. 0000
0. 0000
0. 0000
0. 0000
0. 0000
0.00000
0. 0000
. 0,0000
0 0000
0.00000
0.0000
0.0000
0. 0000
0. 0000
0.0000
0 0000. 0000
cr ,*(
0*0260
0.0310
. 0320
0. 0230
0.0000
0.0000
0. 0000
0. 0000
0.0010
0. 0040
0*0100
0.0160
0.0210
0*0240
0*0260
0.0370
0.0390
0.0400
0.0520
0.0750
0.0790
0,058-0
0.0430
0.0370
0.0370
0.0390
0.0430
0.0490
0 0580
0.0700
0. 0800
0.1030
0.1220
0 1250
0.1300
0. 1500
0.2400
0.5500
0.8500
1.3000
1.7000
2.0000
293000
2.8400
4*1800
6.1400
9.6100
15.6100
20.6000
755.0000
__ 
__
, , cr" ~,3 /
01 0.0200 0.5794
02 0.0170 0.5501
03 0.0120 0.5178
04 0.0070 0.4995
05 0.0030 0.5005
06 0.0000 0.3980
07 0.0000 0.3779
08 0.0000 0.2887
09 0.0000 0.2286
10 0.0000 0.2066
11 0.0000 0.1187
12 0*0000 0.0805
13 0.0000 0.0482
14 0.0000 0.0331
15 0.0000 0.0240
16 0.0000 0.0209
17 0*0000 0*0174
18 0.0000 0.0160
19 0O0000 00000
20 0.00U0 0.0000
21 0.0000 0.0000
22 0.0000 0.0000
23 0.0000 0.0000
24 0.0000 0.0000
25 0.0000 0.0000
26 0.0000 0.0000
27 0.0000 0.0000
28 0.0000 0.0000
29 0.0000 0o0000
30 0,0000 0.0000
31 0.0000 0.0000
32 0.0000 0.0000
33 0.0000 0*0000
34 0.0000 0.0000
35 0.0000 0.0000
36 0.0000 0.0000
37 0.0000 0.0000
38 0.0000 0.0000
39 0.0000 0.0000
40 0.0000 0.0000
41 0.0000 0*0000
42 0.0000 0*0000
43 0.0000 Q0000
44 0.0000 0.0000
45 0.0000 0.0000
46 0.0000 0.0000
47 0.0000 0.0000
48 0.0000 0.0000
49 0.0000 0.0000
50 0.0000 0.0000
TABLE D.9 ACONT.p FIFTY GROUP CROSS SECTIONS FOR BORON
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D. 7 CARBON
a. High-Energy Cross Sections
Total Cross Section: The total cross section over the entire energy range of interest
is plotted by Hughes and Schwartz and by Fosson et al. The agreement is good. The
Hughes and Schwartz values are used.
Nonelastic Cross Section: Values for the nonelastic cross section in carbon over the
102 103
energy range of interest are given by Ball et al., MacGregor et al., and
MacGregor and Booth,104 and Hughes and Schwartz.52 The agreement is reasonable.
Below 6 Mev the nonelastic cross section is identically the inelastic cross section plotted
by Hughes and Schwartz 5 2 in the region from threshold to 9. 2 Mev.
Elastic Cross Section: At all energies the elastic cross section is taken to be the
difference between the total and the nonelastic cross section. Below 4. 8 Mev no non-
elastic processes are significant, and the elastic cross section is identical to the total
cross section.
Radiative Capture Cross Section: The (n, y) cross section at 0. 025 ev given by
Hughes and Schwartz52 is 3. 4 mb. The reaction is ignored at all energies.
Proton, Deuteron and Triton Emission Cross Sections: The thresholds for the (n, p),
105(n, d) and (n, t) reactions are high. The (n, p) cross section has a value1 0 5 of -2 mb at
14 Mev, and is neglected at all energies. The (n,d) and (n,t) thresholds are above 14 Mev.
Alpha Emission Cross Section: The (n, a) cross section at 14 Mev was estimated
106from data given by Graves and Davis. The values of the cross section in the range
from threshold (8 Mev) to 14 Mev are estimated on the basis of systematics. The cross
sections thus obtained are approximately an order of magnitude higher than those esti-
mated by Buckingham, Parker and Pendlebury.l8
(n, 2n) Cross Section: The (n, 2n) reaction in carbon of energies below 14 Mev is
energetically impossible.
Inelastic Cross Section: There appears to be some uncertainty in the values to be
assigned to the (n, n') reaction above ~9 Mev. If one concedes (a) that the (n, n') reactions
that excite levels in carbon at 9. 61 Mev and above lead to breakup of C 12 into three He4
particles via the Be 8 ground state, (b) that the 7. 65-Mev level in C 1 2 is negligible, and
(c) that the 4. 43-Mev level decays only by gamma-ray emission the Graves and Rosen2 6
spectrum for 14-Mev neutrons indicates that the ratio n, n'3a/0n ny has a value of
approximately 4. The ratio of the measured values of n, n'3a and 41Ttrn n,a( 9 0 ), how-
ever, is approximately 1. Anderson et al. 9 2 show that the (n, n' + 4. 43 Mev y) reaction
at 14 Mev is predominantly forward so that n, n' + 4. 43Y >> 41rn n + 4. 43Y (90 ° ) which
is in complete disagreement with the MacGregor et al. 1 0 4 total cross sections.
Estimated values based on systematics were used for -n n' + 4. 43y between 10 Mev
and 14 Mev, and for n,n'3a below 13 Mev.
n~n'3a
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b. Low-Energy Cross Sections
Total Cross Section: Taken from Hughes and Schwartz.
Nonelastic Cross Section: No nonelastic reactions are significant in the lower energy
region except at thermal energies where the (n, y) cross section of Hughes and Schwartz 5 2
is used.
Elastic Cross Section: Identical to the total cross section except at thermal energy
where a small correction for the (n, y) reaction is made.
Radiative Capture Cross Section: Radiative capture is ignored at all energies except
thermal where the Hughes and Schwartz value is used.
c. Neutron Nonelastic Spectra
Neutron scattering from the 4. 43-Mev and 9. 61-Mev levels in carbon is treated by
the isolated-level method. The neutron spectra arising from (n, n' 3a) reactions is treated
by the statistical model.
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_(__ I_ I
a-"T A ,n as cT x a-, " ais C.
01 1.3100 0.7500 0.5600 0.0000 0.0800
02 1.4000 0.8520 0.5480 0.0000 0*1080
03 1.4500 0.9240 0.5260 0.0000 0.1300
04 1.2800 0,7870 0,4930 0.0000 0.1400
05 1.3100 0.8200 0,4900 0.0000 0.1250
06 1.4200 1.0000 0.4200 0.0000 0.0680
07 1.6800 1.3500 0.3300 0.0000 0.0000
08 0.7700 0.5000 0.2700 000000 0.0000
09 1.3000 1.0000 0.3000 0.0000 0.0000
10 1.1000 1.0000 0.1000 0.0000 0.0000
11 1.2800 1.2500 0.0300 0.00000 0.0000
12 1.6500 1.6500 0.0000 0.0000 0.0000
13 1.9500 1.9500 0.0000 0.0000 0.0000
14 2.4000 2.4000 0.0000 0.0000 0.0000
15 1.8000 1.8000 0.0000 0.0000 0.0000
16 2.0000 2.0000 0.0000 0.0000 0.0000
17 1.6000 1.6000 0.0000 0.0000 0.0000
18 15500 1.5500 0.0000 0.0000 0.0000
19 1.6500 1.6500 0.0000 0.0000 0.0000
20 1.7700 1.7700 0.0000 0.0000 0.0000
21 1.9000 1.9000 0.0000 00000 00000
22 2.0600 2.0600 0.0000 0.0000 0.0000
23 2.1700 2.1700 0.0000 0.0000 0.0000
24 2.3000 2,3000 0.0000 0.0000 0.0000
25 2.4200 2.4200 0.0000 0.0000 0.0000
26 2.5800 2.5800 0.0000 0.0000 0.0000
27 2.7500 2.7500 0.0000 0.0000 0.0000
28 2.8200 2.8200 0.0000 0.0000 0.0000
29 2.9500 2.9500 0.0000 0.0000 0.0000
30 3.0700 3.0700 0.0000 0.0000 0.0000
31 3.1900 3.1900 0.0000 0.0000 0*0000
32 3.3100 3.3100 0.0000 0.0000 0.0000
33 3.4200 3.4200 0.0000 0.0000 0.0000
34 3.5500 3.5500 0.0000 0.0000 0.0000
35 3.7000 3.7000 0.0000 0.0000 0.0000
36 4.0500 4.0500 0.0000 0.0000 0.0000
37 4.3500 4.3500 0.0000 0.0000 0.0000
38 4.5000 4.5000 0.0000 0.0000 000000
39 4.6000 4*6000 0.0000 0.0000 0.0000
40 4.7000 4.7000 0.0000 0.0000 0.0000
41 4.7000 4.7000 0.0000 0.0000 0.0000
42 4.7000 4.7000 0.0000 0.0000 0.0000
43 4.7000 4.7000 0.0000 0.0000 0.0000
44 4.7000 4.7000 0.0000 0.0000 0.0000
45 4.7000 4.7000 0.0000 0.0000 0.0000
46 4.7000 4.7000 0,0000 0.0000 0.0000
47 4.7000 4.7000 0.0000 0.0000 0.0000
48 4.7000 4.7000 0.0000 0.0000 0.0000
49 4.7000 4.7000 0.0000 0.0000 0.0000
50 4.7000 4.6970 0.0030 0.0030 0.0000
TABLE D.11 FIFTY GROUP NEUTRON CROSS SECTIONS FOR CARBON
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cl.et, Stat' bn,3'd
(4.43) (9-.1 )
01 0.2450 0.0630 0.1720
02 0.2450 0.0450 0.1500
03 0.2450 0.0230 0.1280
04 0.2450 0.0000 0.1080
05 0.3050 0.0000 0.0600
06 0.3520 0.0000 0.0000
07 0.3300 0.0000 0.0000
08 0.2700 0.0000 0.0000
09 0.3000 0.0000 0.0000
10 0.1000 0.0000 0.0000
11 0.0300 0.0000 0.0000
12 0.0000 0.0000 0.0000
13 0.0000 0.0000 0.0000
14 0.0000 0.0000 0.0000
15 0.0000 0.0000 0.0000
16 0.0000 0.0000 0.0000
17 0.0000 0.0000 0.0000
18 0.0000 0.0000 0.0000
19 0.0000 0.0000 0.0000
20 0.0000 0.0000 0.0000
21 0.0000 0.0000 0.0000
22 0.0000 0.0000 0.0000
23 0.0000 0.0000 0.0000
24 0.0000 0.0000 0.0000
25 0.0000 0.0000 0.0000
26 0.0000 0.0000 0.0000
27 0.0000 0.0000 0.0000
28 0.0000 0.0000 0.0000
29 0.0000 0,0000 0.00000
30 0.0000 0.0000 0.0000
31 0.0000 0.0000 0.0000
32 0*0000 0.0000 0.0000
33 0.0000 0.0000 0.0000
34 0.0000 0.0000 0.0000
35 0.0000 0.0000 0.0000
36 0.0000 0.0000 0.0000
37 0.0000 0.0000 0.0000
38 0.0000 0.0000 0.0000
39 0.0000 0.0000 0.0000
40 0.0000 0.0000 00000
41 0.0000 0.0000 0.0000
42 0.0000 0.0000 0.0000
43 0.0000 0.0000 0.0000
44 0.0000 0.0000 0.0000
45 0.0000 0.0000 0.0000
46 0.0000 0.0000 0.0000
47 0.0000 0.0000 0.0000
48 0.00000 0.0000 000000
49 0.0000 0.0000 0.0000
50 0.0000 0.0000 0.0000
TABLE D.11 XCONT.V FIFTY GROUP CROSS SECTIONS FOR CARBON
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D. 8 NITROGEN
a. High-Energy Cross Sections
Total Cross Section: The total cross section for nitrogen is plotted by Buckingham,
Parker, and Pendlebury, 8 and by Hughes and Schwartz over the entire energy range
of interest with good agreement. For consistency, the Buckingham et al. curve is used.
Nonelastic Cross Section: The a- curve of Buckingham, Parker, and Pendlebury1 8
n,x
is equal to the sum of the several individual nonelastic cross sections given in the same
reference and is used for consistency.
Elastic Cross Section: The elastic cross section is taken to be the difference between
the total and the nonelastic cross sections at all energies.
Radiative Capture Cross Section: The radiative capture cross section is sufficiently
small (0. 082 b at 0. 025 ev) that its contribution in the higher energy region may be
neglected.
Proton Emission Cross Section: The (n, p) cross section is plotted over the energy
range of interest by Buckingham et al.,18 and by Hughes and Schwartz 5 2 with good agree-
ment. The Buckingham et al. curve is used for consistency.
Deuteron and Triton Emission Cross Sections: The (n, d) and (n,t) cross sections
plotted by Buckingham et al.l8 are used.
Alpha Emission Cross Section: The (n, a) cross section is plotted over the energy
range of interest by Buckingham et al.,18 andby Hughes and Schwartz 5 2 with good agree-
ment. The former curve is used for consistency.
(n, 2n) and (n, 2a) Cross Sections: The (n, 2n) and (n, 2a) cross sections of Buckingham
et al. are used.
Inelastic Cross Section: The (n, n') cross section plotted by Buckingham et al.8 is
used.
b. Low-Energy Cross Sections
Total Cross Section: Plotted by Buckingham, Parker, and Pendlebury, 8 and by
Hughes and Schwartz. In the lower energy region the later curve is used.
Nonelastic Cross Section: Is the sum of the (n, p) and (n, y) cross sections in the
lower energy region.
Elastic Cross Section: The (n, n) cross section is taken to be the difference between
the total and the nonelastic cross sections at all energies.
Radiative Capture Cross Section: A value of 82 mb is given by Hughes and
Schwartz 5 for the (n, y) cross section at 0. 025 ev. The cross section is assumed v
and is extrapolated to 300 ev. Above that energy the reaction is ignored.
Proton Emission Cross Section: The (n, p) cross section is plotted by Buckingham,
18Parker, and Pendlebury over the entire energy region. Values for the cross section
at 0. 025 ev and above 200 kev are given by Hughes and Schwartz 5 2 in good agreement
with the Buckingham et al. plot. The latter is used.
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c. Neutron Nonelastic Spectra
The nonelastic scattering correlations given by Buckingham, Parker, and
Pendlebury 8 are used as published.
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29
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31
32
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at, 2 v
0.0060
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0.0000
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0 0000
0 00000
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0.0000
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0 00000
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TABLE D.13 FIFTY GROUP NEUTRON CROSS SECTIONS FOR NITROGEN
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<a, A0rt, x\ as t C7h, at Crv, ac
01 0.0410 0.0310 0.0277 0.0950 0.0120
02 0.0430 0.0275 0.0275 0.1130 0.0100
03 0.0460 0.0250 0.0260 0.1260 0.0065
04 0.0480 0.0225 0.0245 0.1380 0.0025
05 0.0500 0.0205 0.0235 0.1480 0.0000
06 0.0520 0.0190 0.0215 091550 0.0000
07 0.0520 0.0135 0.0200 0.1610 0.0000
08 0.0540 0.0100 0.0175 0.1650 0.0000
09 0.0560 0.0020 0.0145 0.1700 0.0000
10 0.0570 0.0000 0.0115 0.1710 0.0000
11 0.0570 0.0000 0.0070 0.1740 0.0000
12 0.0560 0.0000 0.0000 0.1780 0.0000
13 0.0560 0.0000 0.0000 0.1800 0.0000
14 0.0540 0.0000 0.0000 0.1770 0.0000
15 0.0500 0.0000 0.0000 0.1720 0.0000
16 0.0440 0.0000 0.0000 0.1670 0.0000
17 0.0350 0.0000 0.0000 0.1400 0.0000
18 0.0260 0.0000 0.0000 0.0740 0.0000
19 0.0160 0.0000 0.0000 0.0450 0.0000
20 0.0080 0.0000 0.0000 0.0550 0.0000
21 0.0100 0.0000 0.0000 0.0800 0.0000
22 0.0200 0.0000 0.0000 0.0150 0.0000
23 0.1000 0.0000 0.0000 0.0200 0.0000
24 0,0400 0.0000 0.0000 0.0090 0.0000
25 0.0050 0.0000 0,0000 0.0040 0.0000
26 0.0075 0.0000 0.0000 0.0020 0.0000
27 0.0080 0,0000 0,0000 0,0010 0.0000
28 0.0110 0.0000 0.0000 0.0000 0.0000
29 0.0250 0.0000 0.0000 0.0000 0.0000
30 0.1000 0.0000 0.0000 0.0000 0.0000
31 0.0700 0.0000 0.0000 0.0000 0.0000
32 0.0500 0.0000 0.0000 0.0000 0.0000
33 0.0600 0.0000 0.0000 0.0000 0.0000
34 0.0200 0.0000 0.0000 0.0000 0.0000
35 0.0200 0.0000 0.0000 0.0000 0.0000
36 0.0015 0.0000 0.0000 0.0000 0.0000
37 0.0015 0.0000 0.0000 0.0000 0.0000
38 0.0015 0.0000 0.0000 0.0000 0.0000
39 0.0017 0.0000 0.0000 00000 0.0000
40 0.0024 0.0000 0.0000 0.0000 0.0000
41 0,0035 0.0000 0.0000 0,0000 0.0000
42 0.0052 0.0000 0.0000 0.0000 0.0000
43 0.0076 0.0000 0.0000 0.0000 0.0000
44 0.0109 Ct, ¥t 0.0000 0.0000 0.0000
45 0.0196 0.0000 0.0000 0.0000 0.0000
46 0,0237 0.0010 0.0000 0.0000 0.0000
47 0.0347 0.0015 0.0000 0.0000 0.0000
48 0,0510 0.0022 0.0000 0.0000 0.0000
49 0.0750 0,0032 0.0000 0.0000 000000 0
50 1.7500 0.0820 0.0000 0.0000 0.0000
TABLE D.13 CONT.9 FIFTY GROUP CROSS SECTIONS FOR NITROGEN
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D. 9 OXYGEN
a. High-Energy Cross Sections
Total Cross Section: Plotted over the energy range of interest by Hughes and
Schwartz,5Z and by Buckingham, Parker, and Pendlebury.l8 The curves are in good
agreement. The latter values are used for consistency.
Nonelastic Cross Section: The nf curve of Buckingham, Parker, and Pendlebury 8
n, x
is equal to the sum of the several individual nonelastic cross sections given by them and
is used for consistency.
Elastic Cross Section: Taken to be the difference between the total and the nonelastic
cross sections at all energies.
Radiative Capture Cross Section: Hughes and Schwartz 5 2 give for the (n, y) cross
section at 0. 025 ev a value of less than 0. 2 mb. The reaction is ignored.
Proton and Deuteron Emission Cross Sections: The cross sections for the (n, p) and
(n, d) reactions are plotted by Buckingham et al. 1 8 Values of an are also given by
Hughes and Schwartz at energies above -12 Mev in agreement with the Buckingham
et al. curve. The Buckingham et al. plots are used.
Triton Emission and (n, 2n) Cross Sections: No values are given by either
Buckingham, Parker, and Pendlebury 1 8 or Hughes and Schwartz 5 Z for the (n,t) and
(n, 2n) cross section. The thresholds are high and the reactions are ignored.
Alpha Emission Cross Section: Plotted over the energy range of interest by
18Buckingham, Parker, and Pendlebury, and in the range from threshold to -5. 2 Mev
by Hughes and Schwartz.5Z In the energy range common to both curves, the agreement
is good. The Buckingham et al. plot is used.
Inelastic Cross Section: The (n, n') cross section is plotted by Buckingham, Parker,
and Pendlebury18 and is used as published.
b. Low-Energy Cross Sections
Total Cross Section: Plotted in the low-energy region by Hughes and Schwartz, 5 2
and by Buckingham, Parker, and Pendleburyl° with good agreement. The Hughes and
Schwartz curve is used.
Nonelastic Cross Section: There are no nonelastic reactions of any significance in
the lower energy region.
Elastic Cross Section: The elastic cross section is identical to the total cross sec-
tion in the lower energy region.
c. Neutron Nonelastic Spectra
The nonelastic neutron emergent energy distributions given by Buckingham, Parker,
and Pendlebury18 are used as published.
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(%r' -c, x oC, C,p
01 1.5900 0.7010 0.8890 0.47-00 0.0820
02 1.5200 0.5590 0.9610 0.5800 0.0720
03 1.4200 0.4650 0.9550 0.6500 0*0180
04 1.2800 0.4300 0.8500 0.5900 0,0000
05 1.1500 0.4500 0.7000 0.4600 0.0000
06 1.2500 0.7300 0.5200 0.3000 0.0000
07 1.4500 1.1280 0.3220 0.1200 0.0000
08 1.4500 1.1950 0,2550 0.0700 0.0000
09 1.3500 1.2100 0.1400 0.0000 0.0000
10 1.3000 1.1950 0.1050 000000 0.0000
11 1.3000 1.2000 0.1000 0.0000 0.0000
12 1.7000 1.6500 0,0500 0.0000 0.0000
13 2.1000 2.0500 0.0500 0.0000 0.0000
14 3.3000 3.2950 0.0050 D0000 0.0000
15 2.8000 2.8000 0.0000 '0000 0.0000
16 1.2200 1.2200 0.0000 0.0000 0.0000
17 1.2200 1.2200 0.0000 0.0000 0.0000
18 0.8000 0.8000 0,0000 0.0000 0.0000
19 1.3000 1.3000 0.0000 0.0000 0.0000
20 2.2000 2.2000 0.0000 0.0000 0.0000
21 1.9000 1.9000 0.0000 0.0000 0.0000
22 2.1000 2.1000 0.0000 0.0000 0.0000
23 2.5000 2.5000 0.0000 0.0000 0.0000
24 4,0000 4.0000 0.0000 0.0000 0.0000
25 4.5000 4,5000 0,0000 0.0000 0.0000
26 6,0000 6.0000 0.0000 00000 00000
27 5.0000 5.0000 0.0000 0.0000 0.0000
28 3.1000 3.1000 0.0000 0.0000 0D0000
29 2.9500 2.9500 0.0000 0.0000 0.0000
30 2.9000 2.9000 0.0000 0.0000 0,0000
31 3.2000 3.2000 0.0000 0.0000 0.0000
32 3.7000 3.7000 0.0000 0.0000 0.0000
33 5.8000 5.8000 0.0000 0.0000 0.0000
34 11.5000 11.5000 0.0000 0.0000 0.0000
35 11.5000 11.5000 0.0000 0.0000 0.0000
36 3.5000 3,5000 0.0000 0.0000 0.0000
37 3.5000 3.5000 0.0000 0.0000 0.0000
38 3,5000 3.5000 0.0000 0.0000 0.0000
39 3.5000 3.5000 0.0000 0.0000 0.0000
i0 3.5000 3.5000 0.0000 0.0000 0.0000
41 3.6000 3.6000 0.0000 0.0000 0.0000
42 3.7000 3.7000 0.0000 0.0000 0.0000
43 3.8000 3.8000 0.0000 0.0000 0.0000
44 3.8000 3,8000 0.0000 0.0000 0.0000
45 3,8000 3.8000 0.0000 0.00000 0.0000
46 3.8000 3.8000 0.0000 0.0000 0.0000
47 3.8000 3.8000 0.0000 0.0000 0.0000
48 3.8000 3.8000 0.0000 0.0000 0.0000
49 3.8000 3.8000 0.0000 0.0000 0.0000
50 4.2000 4.2000 0.0000 0.0000 000000
TABLE 0.1 FIFTY GROUP NEUTRON CROSS SECTIONS FOR OXYGEN
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_·_·1 _1__1 __ CI 1I----·---·--·-·II)--^I1 1411 --..--·1.1-^1.-- II-I-·IPIIIIICI·-·LII--i--·-···l-I-l
01 0.0170 U03200
02 0*0090 0.3000
03 0*0040 0*2830
04 0*0000 0*2600
05 0.0000 02400
06 0.0000 0.2200
07 0.0000 0.2020
08 0.0000 0.1850
09 0.0000 0*1400
10 0.0000 0.1050
11 0.0000 0.1000
12 0.0000 0.0500
13 0.0000 0,0500
14 0.0000 0.0050
15 0.0000 0.0000
16 0.0000 0.0000
17 0.0000 0.0000
18 00000 0,0000
19 0.0000 0.0000
20 0.0000 0.0000
21 0.0000 0.0000
22 0O0000 0.0000
23 0,0000 000000
24 0.0000 0,0000
25 0.0000 0.0000
26 0.0000 0.0000
27 0000 0.0000
28 0.0000 00000
29 0.0000 00000
30 0.0000 0.0000
31 0.0000 0.0000
32 0*0000 0.0000
33 0.0000 00000
34 000000 0.0000
35 000000 0.0000
36 0.0000 0.0000
37 0.0000 0*0000
38 0.0000 0.0000
39 0.0000 0.0000
40 0.0000 0.0000
41 0.0000 0-0000
42 000000 0.0000
43 0.0000 0.0000
44 0.0000 0.0000
45 0.0000 0.0000
46 0.0000 0.0000
47 0.0000 0.0000
48 0.0000 0.0000
49 0*0000 000000
50 0.0000 0.0000
TABLE D.15 (CONT-) FIFTY GROUP CROSS SECTIONS FOR OXYGEN
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D. 10 FLUORINE
a. High-Energy Cross Sections
Total Cross Section: Plotted by Buckingham, Parker, and Pendlebury,18 and by
Hughes and Schwartz 5 2 with good agreement. The Hughes and Schwartz curve is used.
Nonelastic Cross Section: The only direct measurement of the nonelastic cross sec-
120tion is the measurement at 14 Mev of MacGregor, Ball, and Booth. A second value
can be inferred by summing the level excitation functions at 2. 45 Mev. The resultant
values are in agreement with the nonelastic cross section plotted by Buckingham, Parker,
and Pendlebury. At other energies, values of the nonelastic cross section obtained by
summing the cross sections of the individual nonelastic reactions, obtained in part by
direct measurement, and in part by extrapolation, are in consistently good agreement
with the Buckingham et al. estimates. The Buckingham et al. curve is used, except in
a few limited energy regions where the sum of the individual cross sections is preferred
for consistency.
Elastic Cross Section: The elastic cross section at all energies is taken to be the
difference between the total and the nonelastic cross sections.
Radiative-Capture Cross Section: Plotted by Hughes and Schwartz 5 2 in the energy
region between 10 kev and 2 Mev and is tabulated at 0. 025 ev. The value of the cross
section at the measured energies is 10 mb or less, except for a weak resonance worth
approximately 20 mb at 25 kev. Unmeasured values are inferred, and the cross section
is lumped into the absorption cross section.
Proton Emission Cross Section: The (n, p) cross section from threshold to ~8 Mev
107is given by Marion and Brugger. Above 8 Mev the cross section appears to drop rap-
idly, because of competition from other nonelastic processes. The cross section is com-
bined with those of the other absorption processes into a single cross section.
Deuteron and Triton Emission Cross Sections: The de-excitation schemes listed for
F 2 0 by Ajzenberg-Selove and Lauritsen 7 3 indicate that above the respective thresholds
both (n, d) and (n,t) reactions should be significant. Neither cross section has been
measured. An estimate of the (n, d) cross section can be obtained by assuming an appar-
ent Coulomb barrier of 1. 3 Mev (based on the theoretical and observed (n, p) thresholds)
and associating the drop in the (n, p) cross section above ~7 Mev with a rise in the com-
peting (n, d) reaction. The threshold of the (n,t) reaction is 9 Mev, in the energy region
in which no nonelastic cross sections have been measured, and cannot be inferred. Both
cross sections are lumped into the absorption cross section.
Alpha Emission Cross Section: The (n, a) cross section has been measured by Marion
107
and Brugger in the energy region from threshold to approximately 8 Mev. Above
-6 Mev the (n, a) cross section appears to be dropping, because of competition from the
(n, p) reaction and, at higher energies, of the (n, d) and (n,t) reactions also. The alpha
emission cross section is included in the absorption cross section.
Absorption Cross Section: Buckingham, Parker, and Pendleburyl8 plot an absorption
212
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cross section in the energy region of interest. At energies of which either measured
or rationally inferred values of the cross sections of the several neutron absorbing reac-
tions are available the agreement between the sum of the individual reactions and the
Buckingham et al. plot is good. Because of the uncertainties in the separate cross sec-
tions, especially above -8 Mev, the Buckingham et al. estimate of a general absorption
cross section is preferred to estimates of individual cross sections.
(n, 2n) Cross Section: The (n, 2n) cross section in the vicinity of 14 Mev has been
measured by Ashby and his co-workers, 1 0 8 Paul and Clarke, 1 0 9 Rayburn, 1 1 0 and
Prud'homme et al. 2 8 The agreement among the various measured values is good. The
cross section used is based on an average among the measurements, extrapolated to
threshold.
Inelastic Cross Section: In the energy region 0. 1-1. 0 Mev the excitation functions
for the 0. 111 Mev and 0. 197 Mev levels in F 9 have been measured absolutely by
111Freeman. From 1. 1 Mev to 2. 2 Mev Freeman gives relative yield plots for
0. 111 Mev and 0. 197 Mev gamma rays in arbitrary units. Extrapolation of the lower
energy absolute plots allows renormalization of the higher energy relative plots to an
absolute basis. The renormalized plots are in agreement with the measurements of
Day 1 1 2 at 2. 56 Mev.
On the basis of the Freeman curves, it appears that the level excitation curves for
the levels at 1. 35, 1. 46, and 1. 56 Mev are all fitted fairly well by a Gaussian function.
If the assumption is made that de-excitation from the 1. 46-Mev and 1. 56-Mev levels via
cascade and directly to ground state are equally probable, the excitation cross sections
at 2. 45 Mev for these levels are in at least qualitative agreement with the values meas-
ured by Cranberg and Levin.1 3
Above -3 Mev no direct information concerning the inelastic cross section is avail-
able. The cross section is taken to be the difference between the nonelastic cross sec-
tion and the sum of the absorption and (n, 2n) cross sections.
b. Low-Energy Cross Sections
Total Cross Section: Plotted by Hughes and Schwartz,52 and by Buckingham, Parker,
and Pendlebury. 8 The former plot is used.
Nonelastic Cross Section: The nonelastic cross section in the lower energy region
is identically the (n, n') cross section. Contributions attributable to the (n, y) reaction
are negligible.
Elastic Cross Section: Taken to be the difference between the total and the
nonelastic cross sections. The resonances in the total cross section at 27, 49,
99, 280, 340, and 420 kev are identified as purely elastic by Ajzenberg-Selove
and Lauritsen. 7 3
Absorption Cross Section: No neutron absorption processes are significant in the
lower energy region.
Inelastic Cross Section: The (n,n') cross section in the lower energy region is
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composed of the excitation functions for the 0. 111-Mev and 0. 197-Mev levels, plotted
by Freeman. 1
c. Neutron Nonelastic Spectra
For neutron incident energies below 4. 4 Mev, individual levels excited in inelastic
reactions can be readily identified. Excitation functions either are known or can be
approximated. Scattering reactions are treated by the isolated-level model. Sets of
levels closely grouped at 4 Mev and at 1. 45 Mev are treated as single levels.
Above 4. 4 Mev the nonelastic spectra are calculated on the basis of the statistical
model.
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U-n T (" t,X C " ,, , cxbs
01 1.7200 0*8908 0,8292 0*0620 0*1790
02 196900 0*8322 0,8578 0.0370 0.1820
03 1*6500 0.7698 0.8802 0.0060 0,1860
04 1.6100 0*7205 0*8895 0.0000 0.1900
05 1.5900 0.6916 0,8984 0.0000 0.1920
06 1.6400 0.7260 0.9140 0*0000 0*1970
07 1*8500 0.9218 0,9282 0.0000 0.2000
08 1.8200 0.8987 0.9213 0.0000 0.2150
09 1*8000 0.7820 1*0180 0.0000 0,2700
10 1*9500 0.7791 1.1709 0,0000 0*2400
11 1*8700 0.9150 099550 0.0000 0.1550
12 2*3500 1*4500 U09000 0.0000 0*1200
13 1*9700 1*5490 0*4210 0.0000 0*0710
14 2,0000 1.1470 0*8530 0.0000 0,0430
15 2.1000 1*5790 0,5210 0.0000 0,0210
16 2.2000 1.8000 0*4000 0.0000 0.0000
17 2*7000 2*0500 0.6500 0.0000 0.0000
18 2.7000 1,7200 0.9800 0*0000 0*0000
19 2,7500 1*8500 0,9000 0*0000 0.0000
20 2.9500 2.1000 0*8500 0.0000 0.0000
21 2*9000 1*3250 1.5750 0.0000 0.0000
22 3*0500 2.1000 0*9500 0.0000 0.0000
23 2.9000 1.8000 1.1000 0.0000 0.0000
24 3.4000 2*0000 1,4000 0.0000 0.0000
25 3.2000 2*0900 1.1100 0.0000 0*0000
26 3.3000 1.8300 1.4700 0.0000 0.0000
z7 3.700 .,taOO 1.S8o00o 0.0000 o.0cO
28 4.1000 2*6200 1l4800 0O0000 0.0000
29 397000 2*4100 1.2900 0.0000 000000
30 3*6500 2*5000 1.1500 0,0000 0.0000
31 4.6000 3*4700 1.1300 0O0000 0.0000
32 4.9000 3,4500 1,4500 0.0000 0*0000
33 4*3000 1*7700 2.5300 0.0000 0*0000
34 6*2000 3*2500 2,9500 0.0000 0.0000
35 7*6000 4.9000 2.7000 0.0000 0.0000
36 7.0000 2.9000 4.1000 0.0000 0*0000
37 4.5000 2.9000 1*6000 0.0000 0.0000
38 15.0000 14*6000 0*4000 0.0000 0.0000
39 8.5000 8.5000 0.0000 0.0000 0.0000
40 5.7000 5*7000 0.0000 0.0000 0.0000
41 3.8000 3,8000 0,0000 0.0000 0.0000
42 3*7000 3*7000 0.0000 0,0000 0.0000
43 3.6000 3.6000 0,0000 0.0000 0.0000
44 3*6000 3.6000 0.0000 0.0000 0*0000
45 3*5000 3.5000 0.0000 0*0000 0.0000
46 3e5000 3.5000 0.0000 0.0000 0.0000
47 3.5000 3.5000 0*0000 0.0000 0.0000
48 3*4000 3.4000 0.0000 0.0000 0.0000
49 3.4000 3.4000 0.0000 0.0000 0.0000
50 3*4000 3*4000 0.0000 0*0000 000000
TABLE D*17 FIFTY GROUP NEUTRON CROSS SECTIONS OR FLUORINE
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_I _ __ _
._' , I; (Se,, o. I , ,~ C~, . IO C .M
¢~.4 ) ¢o t) (.4S) (z,78) ¢4.o)
01 0.7130 0.0000 010000 0.0000 0.0000
02 0.7140 0.0000 0.0000 0*0000 0.0000
03 0.7020 0,0000 00000 0.0000 0.0000
04 097020 0.0000 0.0000 0.0000 0,0000
05 0.7100 0.0000 0.0000 0.0000 0.0000
06 0.7220 0.0000 0.0000 0,0000 0.0000
07 0.7350 0,0000 0.0000 0.0000 0,0000
08 0.7150 0.0000 0.0000 0.0000 0,0000
09 0.7600 0.0000 0.0000 0.0000 0,0000
10 0.9500 0,0000 0.0000 0.0000 0,0000
11 0,0000 0,0500 0-0000 0-0000 0*7500
12 0.0000 0,1000 0.0000 0.0000 0*6800
13 0o0000 0O1500 0.0000 0*2000 0.0000
14 0.0000 0.2000 0.0000 0.6100 0,0000
15 0.0000 0.2500 0,0000 0*2500 0.0000
16 0,0000 0.3000 0.1000 0.0000 0.0000
17 0.0000 093500 0.3000 0.0000 0.0000
18 (.o.t ) 0.4000 0.5800 0,0000 0.0000
19 0.0000 0.5500 0.3500 0.0000 0.0000
20 0.1000 0.5500 0.2000 0.0000 0,0000
21 0.6000 0.9000 090750 0.0000 0,0000
22 003000 0,6500 0.0000 0.000 0.0000
23 0.4000 0.7000 0.0000 0.0000 0.0000
24 0.6000 0.8000 0.0000 0.0000 0,0000
25 0.4500 0.6600 0.0000 0,0000 0,0000
26 0.8000 0.6700 0.0000 0,0000 0.0000
27 0.9800 0.6000 0,0000 00000 0,0000
28 0.6500 0.8300 0*0000 0.0000 0.0000
29 0.4800 0.8100 0000 0.0000 0.0000
30 0.4300 0.7200 0,0000 0.0000 0.0000
31 0.4500 0,6800 0.0000 0,0000 0000
32 0.6000 08500 0.0000 0.0000 0.0000
33 1.2000 1.3300 00000 0.0000 00000
34 1.0000 1.9500 0.0000 0,0000 0.0000
35 1.2000 1.5000 0.0000 0.0000 0.0000
36 3.5000 0.6000 0.0000 0.0000 0.0000
37 1.6000 0.0000 0,0000 0.0000 00000
38 0.4000 0.0000 0,0000 0.0000 0.0000
39 0,0000 0,0000 0,0000 0.0000 0.0000
40 0,0000 0.0000 0,0000 0.0000 0.0000
41 0.0000 0.0000 00000 0.0000 0.0000
42 0.0000 0.0000 0.0000 0.0000 0.0000
43 0.0000 0.0000 00000 0.0000 0.0000
44 0.0000 0,0000 0,0000 0.0000 0.0000
45 0.0000 0.0000 0.0000 0,0000 0.0000
46 0.0000 0,0000 0.0000 0,0000 0,0000
47 0.0000 0,0000 0.0000 0.0000 0.0000
48 0.0000 0.0000 0.0000 0.0000 0.0000
49 0.0000 0.0000 0.0000 0.0000 0,0000
50 0.0000 0.0000 0.0000 0.0000 0.0000
TABLE a.17 CONT.o FIFTY GROUP CROSS SECTIONS FOR FLUORINE
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D. 11 NICKEL
a. High-Energy Cross Sections
Total Cross Section: The total cross section over the entire energy range of interest
is given by Hughes and Schwartz 5 2 and is used as given.
Nonelastic Cross Section: Plotted by Hughes and Schwartz 5 2 in the range 2.3-14 Mev.
83The value at 14 Mev is in good agreement with MacGregor, Ball, and Booth, and
114Bonner and Slattery. The Hughes and Schwartz value at 3. 7 Mev is somewhat smaller
115than that given by Machwe, Kent, and Snowdon, but agrees well with Strizhak and
Beyster, Walt and Salmi 1 17 at 2. 5 Mev and fairly well with Pasechnik1 1 8 at 3. 3 Mev.
Below 2. 3 Mev, On is taken to be the sum of y , n and -rn pn,x n, n,, p
Elastic Cross Section: Taken to be the difference between a-nT and nx over the
115
energy range of interest. The value so obtained is higher than the Machwe et al. value
at 3. 7 Mev (their value of a-nx appears to be large in comparison with other measure-
ments) and appreciably higher than the Walt and Barshall value (Walt and Barshall use
for a-nT a value rather smaller than that given by Hughes and Schwartz).
119Radiative Capture Cross Section: Taken from the Diven and Terrell plots in the
region 0. 2-1 Mev, and is extrapolated to zero at 1.5 Mev.
Proton Emission Cross Section:
(i) Nickel 58 at 14 Mev
At 14 Mev, Colli et al.3 3 obtain for a- a value of 310 mb. Allen3 2 obtains for the
n, p 31
same cross section 440 27 mb. In an earlier study, Allen obtained a- np(14 Mev) =
121 np310 mb for compound nucleus interactions. Glover and Weigold obtain - p(14.1) =
58 n, p
435 mb. The magnitude of a- n,(14 Mev) in Ni is taken to be 440 mb, of which
310 mb represents compound nucleus interactions and the remaining 130 mb direct
interactions.
The cross section ra is given by Allen 3 1 to be 220 mb at 14 Mev. Glover and
121 n, pn 33
Weigold find a pn + a to be 540 mb. Colli et al. find a- np(14 Mev) to be
n, pn n,np n, np
220 mb, while Allen finds the same cross section to be 343 mb. Taking the sum of the
Allen values for a-npn and a- , one obtains a total of 563 mb, compared with the
n, pn n, np
Glover and Weigold combined result for a- pn + a n of 540 mb at 14 Mev. The agree-
n, pn n, np
ment appears to be quite good.
At 14. 2 Mev, Glover and Weigold give an the value 355 mb, while Preiss and
122 123 n,p
Fink give 277 mb. Glover and Purser find a- + - to be 490 mb, of which
n,p n,pn 124
430 are attributable to compound nucleus interactions. Kumabe and Fink give for
ar + a- at 14. 8 Mev a total of 440 mb. Subtracting the Glover results, one findsn, p n, pn
an pn(14.8 Mev) to be 135 mb, while the Fink results yield 163 mb. Glover and Weigold
also give for a-npn + a- n at 14. 8 Mev the value 570 mb. Subtracting the value a- =135 mb obtained above, np n,= 435 mbpn
135 mb obtained above, there obtains a- = 435 mb.
n, np
222
(ii) Nickel 60 at 14 Mev
At 14 Mev, is found to be 197 mb by Colli et al.33; 124 mb by Allen32; 240 mb
n, p 122
by Allen 3 1; and 9 mb by Preiss and Fink. At 13. 5 Mev, it is found to be 155 mb by
125
March and Morton. If the Preiss and Fink result and the earlier Allen value are dis-
carded, p may be taken to be 160 mb at 14 Mev.
n, p
In his earlier paper Allen gives a pn to be 60 mb at 14 Mev. In view of the fact that
n, pn
Allen uses proton spectrum measurements to determine cross sections, it appears likely
that at least part of the 240 mb ap noted above should be attributed to p to give a
n, p n, pn
value closer to 100-150 mb.
For a-n, np' Allen gives 51 mb and Colli, 64 mb at 14 Mev, while March and Morton
give 68 mb at 13. 5 Mev; the mean value is taken to be 60 mb. (Note that (n, pn) and
(n, np) have the same threshold and that (n, pn) should be favored by virtue of direct
interaction with anomalously low Coulomb barriers over (n, np) which proceeds primarily
by compound nucleus formation.)
(iii) Nickel 58 and 60 at 2. 5 Mev
At .5 Mev, Van Loef 1 2 6 finds in Ni5 8 to be approximately 180 mb, while
127 n, pGonzalez, Rapaport, and Van Loef find the same cross section to be 145 mb. Since
the Q value for a- in Ni 6 0 is -2. 03 Mev, the contribution of (n, p) reactions in Ni60 to
n, p
an at 2.5 Mev is negligible, and o- for elemental nickel may be taken to be approxi-
n, x n, p
mately 110 mb.
(iv) Other Energies
In the regions where no measurements exist, estimates of the cross sections were
obtained as follows. The (n, p) cross section is assumed to consist of a direct inter-
action and a compound nucleus component. Since the Q value for (n, p) in Ni 5 8 is slightly
positive, the threshold for the direct component is placed at 0. 5 Mev, and agreement
is forced with the measurements at 2. 5 and 3. 2 Mev. The compound component has a
threshold at -Qn, p plus a 7 Mev Coulomb barrier.
The reactions On, pn and a- np are assigned a threshold at -Qn pn plus a 3-Mev
npn n, np n, pn
direct interaction Coulomb barrier, and are assumed to rise roughly linearly to the
assigned values at 14 Mev.
Deuteron Emission Cross Section: Glover and Weigold 1 2 1 report for d in Ni 5 860 n,d
at 14. 8 Mev a value of 25 mb. Since the Q value for (n, d) in Ni is not far removed
from that in Ni 5 8 , the assumption is made that d in Ni 6 0 is also 25 mb. It is further
assumed that the threshold for (n, d) reactions (including the Coulomb barrier) is in the
vicinity of 111 Mev and that the cross section rises linearly from threshold to the value
at 14.8 Mev.
Alpha Emission Cross Section: No published values for a- in nickel have been
n, a18 
found. The plot given by Buckingham, Parker, and Pendlebury1 8 is in qualitative
223
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agreement with estimates based on Q value plus Coulomb barrier and is used as pub-
lished.
Inelastic and (n, Zn) Cross Sections: The value of r- for Ni 5 8 is plotted in Hughes
52- n, 2n 131
and Schwartz and is verified by Bayhurst and Prestwood and Glover and
Weigold. 1 2 1 The corresponding cross section for Ni6 0 is given by Colli et al. 3 3 at
14 Mev. The sum of the Colli value for Ni 6 0 and the Hughes and Schwartz value for Ni5 8
at 14 Mev are in good agreement with the value of a-n in elemental nickel given by
132Beneveniste.
112 113Day obtains for na n, at 2. 56 Mev a value of 585 mb. Cranberg and Levin find
n, n 128
an n, at 2. 45 Mev to be approximately 690 mb. Keihn and Goodman find 1.37 b for
n, n
o' n at 2. 55 Mev; however, it appears evident that a correction for (n, p) reactions was
n, n
overlooked when Keihn and Goodman normalized their experimental results so that their
relative results are useful but the absolute values are not. At 3.2 Mev, Scherrer
Allison, and Faust 2 9 find for n n' a value of 1. 39 b, as compared with the Paschnik
n, n
measurement of n at 3. 3 Mev, thereby yielding 1. 35 b 0. 25.
n,x
At all other energies an, n' is taken to be the difference between -n x and the sum of
all other allowed reactions.
b. Low-Energy Cross Sections
Total Cross Section: The a-nT curve of Hughes and Schwartz 52 is used as given with
suitable smoothing over resonances.
Nonelastic Cross Section: In the lower energy region the nonelastic cross section
is identically the radiative capture cross section. The majority of the resonances in
nickel are known to be scattering resonances, and the infinite dilution resonance integral
is given by Tattersall 1 3 3 as less than 1. 1 b. In the absence of resonance parameters
the a- cross section is taken to be (v ) from thermal to 3 kev where the first reso-
n, y 119
nance appears. Above 3 kev, a- is extrapolated to agree with the Diven and Terrell
n, y
data at 200 kev. No resonance surface absorption is considered.
Elastic Cross Section: Taken to be the difference between the total cross section
and the nonelastic cross section. Resonance scattering is not considered.
c. Neutron Nonelastic Spectra
The assumption is made that nickel can be treated by the statistical model at incident
neutron energies above 3. 5 Mev. The statistical-model calculations are split into two
parts, one to obtain (n, n'), (n, np) and (n, pn) spectra, the other to obtain (n, 2n) and some
(n, n') spectra. The cross sections assigned for the latter case were chosen to approx-
imate the Colli et al. (n, 2n) cross sections at 14 Mev; the corresponding cross sections
assigned in the former case represent the difference between the total neutron emission
cross sections and those already assigned.
The neutron spectra from (n, np) reactions were assumed to be identical to those
from (n, n') reactions. The cross sections for the two reactions were combined and the
224
_ __
spectra calculated by the single-particle statistical model. The (n, pn) spectra were
calculated also as single-particle spectra by using as excitation energies
U = E + Q. - Coulomb barriern, pn
= E - 7.9 - 3. 0.
The spectra so calculated are expected to be somewhat cooler than the true spectra,
since direct interactions that are known to be important in nickel tend to yield neutrons
of energies greater than those predicted by compound nucleus theories.
128At energies below 2. 2 Mev the Keihn and Goodman excitation functions, renorm-
alized to agree with other measurements, are applicable and are used.
In the intermediate range, between 2. 2 Mev and 3. 5 Mev, the empirical method is
used. Since the lowest level of any consequence in nickel occurs at 1. 33 Mev, only the
levels above 2. 7 Mev satisfy the asymptotic criterion; those below are treated by
means of the truncated version.
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Cr-, .X 0 yr ,'n/
01 2.7000 1*2998 1.4002 0.1843 0.4098
02 2.8600 1.4395 1.4205 0.0709 0.7855
03 2*9800 1.5399 1.4401 0.0000 1.0610
04 3*1500 1*6903 1.4597 0.0000 1.1217
05 3.3000 1.8203 1.4797 0.0000 1.2047
06 3.4300 1.9301 1.4999 0.0000 1.2649
07 3*5700 2.0495 1.5205 0.0000 1.3305
08 3.6200 2*0797 1.5403 0.0000 1.3903
09 3.6900 2,1379 1.5521 0.0000 1*4071
10 3,6500 2.1099 1.5401 0.0000 1.3991
11 3.5900 2*0598 1.5302 0.0000 1.3932
12 3.5000 1.9904 1.5096 0.0000 1.3766
13 3.4500 2.0003 1.4497 0.0000 1.3217
14 3.3900 2.1000 1.2900 0.0000 1.1670
15 3.3500 2.1300 1.2200 0.0000 1.1020
16 3.3000 2.2200 1.0800 0.0000 0.9660
17 3.2700 2.3200 0o9500 0.0000 0.8400
18 3.2400 2.4200 0.8200 0.0000 0.7140
19 3.2000 2.5670 0.6330 0.0000 0.5300
20 3.2100 2.7100 0.5000 0.0000 0.4000
21 3*2200 2*8350 0.3850 0.0000 3.2900
22 3.2400 2.9980 0.2420 0.0000 0.1500
23 3.2600 3.0810 0.1790 0.0000 0.0900
24 3.2800 3.1940 0.0860 0.0000 0.0000
25 3,3000 3.2170 0.0830 0.0000 0.0000
26 3*3300 3.2520 0.0780 0.0000 0.0000
27 3.3700 3.3000 0.0700 0.0000 0.0000
28 3.4100 3.3500 0.0600 0.0000 0.0000
29 3.4600 3o4100 0.0500 0.0000 0.00000
30 3.5100 3.4700 0.0400 0.0000 0.0000
31 3*6000 3.5700 0.0300 0.0000 0.0000
32 3.7100 3.6900 0.0200 0.0000 0.0000
33 3.8500 3.8350 0.0150 0.0000 0,0000
34 4.1500 4.1400 0.0100 0.0000 0.0000
35 4.5000 4.4900 0.0100 0.0000 0.0000
36 4.9000 4.8900 0,0100 0.0000 000000
37 5.5000 5.4900 0,0100 0.0000 0.0000
38 7.2000 7.1890 0.0110 0.0000 0.0000
39 8.4000 8.3880 0.0120 0.0000 0.0000
40 11.0000 10.9870 0.0130 0.0000 0.0000
41 13.3000 13.2860 0.0140 0.0000 0.0000
42 14.3000 14.2840 0,0160 0.0000 0.0000
43 15.0000 14.9810 0,0190 0.0000 0.0000
44 15.5000 15.4730 0.0270 0.0000 0.0000
45 17.0000 16.9600 0,0400 0.0000 0.0000
46 17.1000 17.0410 0.0590 0.0000 0.0000
47 17.2000 17.1130 0.0870 0.0000 0.0000
48 17.4000 17.2730 0.1270 0.0000 0.0000
49 17.5000 1i73130 0.1870 0.0000 0.0000
50 22.2000 17.5000 4.7000 0.0000 0O0000
TABLE D.19 FIFTY GROUP NEUTRON CROSS SECTIONS FOR NICKEL
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01 t pnmp Ct P0.3620 0.220C 00C
01 0.3620 0.2620 0.1321 0.0500 0.0000
02 0.3550 0.1100 0.0651 0.0340 0.0000
03 0.3500 0*0020 0.0101 0.0170 0.0000
04 0.3300 0.0000 0.0000 0.0080 0.0000
05 0.2750 0.0000 0.0000 0.0000 0.0000
06 0,2350 0.0000 0.0000 0.0000 0.0000
07 0.1900 0.0000 0.0000 0.0000 0.0000
08 0,1500 0,0000 0.0000 0.0000 0.0000
09 0.1450 0.0000 0.0000 0.0000 0.0000
10 0.1410 0.0000 0.0000 0.0000 0.0000
11 0.1370 0.0000 0.0000 0.0000 0.0000
12 0.1330 0.0000 0.0000 0.0000 0.0000
13 0.1280 0.0000 0.0000 0.0000 0.0000
14 0.1230 0.0000 0.0000 0.0000 0.0000
15 0.1180 0,0000 0.0000 0.0000 0.0000
16 0.1140 0.0000 0.0000 0.0000 0.0000
17 0.1100 0.0000 0.0000 0.0000 0.0000
18 0.1060 0.0000 0,0000 0.0000 0.0000
19 0.1030 0.0000 0.0000 0.0000 0.0000
20 0.1000 0.0000 0.0000 0.0000 0.0000
21 0.0950 0.0000 0.0000 0.0000 0.0000
22 0.0900 0.0000 0.0000 0.0000 0.0020
23 0.0850 0.0000 0.0000 0.0000 0.0040
24 0.0800 0.0000 0.0000 0.0000 0.0060
25 0.0750 0.0000 0.0000 0.0000 0.0080
26 0.0680 0.0000 0.0000 0.0000 0-0100
27 0.0600 0.0000 0.0000 0.0000 0.0100
28 0,0500 0.0000 0.0000 0.0000 0.0100
29 0.0400 0.0000 0.0000 0.0000 0.0100
30 0.0300 0.0000 0.0000 0.0000 0.0100
31 0.0200 0.0000 0.0000 0.0000 0.0100
32 0.0100 0.0000 0.0000 0.0000 0.0100
33 0.0050 0.0000 0.0000 0.0000 0.0100
34 0.0000 0.0000 0.0000 0.0000 0.0100
35 0.0000 0.0000 0.0000 0.0000 0.0100
36 0.0000 0.0000 0.0000 0.0000 0.0100
37 0.0000 0.0000 00000 00000 00.0100
38 0.0000 0.0000 0.0000 0.0000 0*0110
39 0.0000 0.0000 0.0000 0.0000 0.0120
40 000000 0.0000 00000 0.0000 0.0130
41 0.0000 0.0000 0.0000 0.0000 0.0140
42 0.0000 0.0000 0.0000 0.0000 0.0160
43 0.0000 0,000 0 0.0000 0.0000 0.0190
44 0.0000 0.0000 0.0000 00000 0.0270
45 0.0000 0.0000 0.0000 0.0000 0.0400
46 0.0000 0.0000 0.0000 0.0000 0.0590
47 0.0000 0.0000 0.0000 0.0000 0.0870
48 0.0000 0.0000 0.0000 0.0000 0.1270
49 0.0000 0.0000 0.0000 0.0000 0.1870
50 0.0000 0.0000 0.0000 0.0000 4.7000
TABLE D.19 (CONT.) FIFTY GROUP CROSS SECTIONS FOR NICKEL
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D. 12 MOLYBDENUM
a. High-Energy Cross Sections
Total Cross Section: Measurements of the total cross section in molybdenum have
134 135been made by Nerenson and Darden, Bratenahl, Peterson, and Stoering, McCallum,
136 137Mani, and Ferguson, and Weil and Jones. Of these the first three appear to be
mutually consistent and in agreement with Hughes and Schwartz 5 2 and Howerton. 10b The
Hughes and Schwartz values are used.
Nonelastic Cross Section: Values of the nonelastic cross section are given by Walt
and Barshall at 1 Mev, by Hans and Snowden 1 3 8 at 37 Mev, and by Lebedev 1 3 9 at
14 Mev. Howerton includes measured values from an unidentified source at 1 Mev and
2. 5 Mev and proposes an interpolated curve consistent with all the measurements except
that at 14 Mev. The Lebedev result appears to be a bit low compared with the sum of
the several discrete cross sections involved. The Howerton curve is used, except near
14 Mev where the values are obtained by interpolation.
Elastic Cross Section: The elastic cross section is obtained at all energies as the
difference between the total and the nonelastic cross sections.
Radiative-Capture Cross Section: The Diven and Terrell data 14 0 with suitable
extrapolation at the higher energies is used.
Proton Emission Cross Sections: Values of the (n, p) and (n, pn) cross sections at
14 Mev are given for natural molybdenum and for separated isotopes by Allen, Colli
33 141 142
et al., Gardner, and Paul and Clarke. The sum of the Colli measurements of
arn pand crpn is in good agreement with the Allen result if it is assumed that the latter
n,p n,pn
is a proton emission cross section. Below 14 Mev the assumption is made that the effec-
tive threshold for proton emission is ~6 Mev corresponding to a mean Coulomb barrier
of 5 Mev and a reaction Q value for (n, p) of -1 Mev, and suitable excitation functions
for the (n, p) and (n, pn) reactions are interpolated.
132Inelastic and (n, 2n) Cross Sections: Benveniste gives a value of the (n, Zn) cross
section at 14 Mev for natural molybdenum in reasonable agreement with the difference
between the Lebedev nonelastic result and the sum of the Colli data. Values for the pure
neutron emission cross section are obtained as the difference between the nonelastic
cross section and the sum of the other nonelastic processes. Distinction between (n, n')
and (n, 2n) is made within the framework of the statistical model above the (n, 2n) thresh-
old. The particular characteristics of the semi-magic Mo 9 2 isotope are averaged into
natural molybdenum.
b. Low-Energy Cross Sections
Total Cross Section: Taken directly from Hughes and Schwartz, except in the energy
region in which calculated absorption cross sections are used. In this region the total
cross section is the sum of the elastic and the calculated absorption cross sections.
Nonelastic Cross Section: The nonelastic cross section used above the resonance
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region is the sum of the Howerton (n, n') cross section and the Diven and Terrell (n, y)
cross sections. In the resonance region the nonelastic cross section is the calculated
resonance cross section.
Elastic Cross Section: Outside of the resonance region the elastic cross section is
the difference between total and nonelastic cross sections. In the resonance region the
elastic cross section used is that lying between resonances in the Hughes and Schwartz
total cross-section plot. The thermal cross section is that of Hughes and Schwartz.
Radiative-Capture Cross Section: The Diven and Terrell results are used where
available. Below 1 kev equivalent absorptions are calculated by using the Doppler-
143broadened molybdenum resonance parameters tabulated by Devaney. In the interme-
diate range approximate capture cross sections were obtained by interpolation between
the calculated results and Diven and Terrell's data. Surface resonance capture weights
were calculated by using the Devaney tabulations when available. Above 1 kev surface
absorption was ignored. The thermal cross section is that of Hughes and Schwartz.
Inelastic Scattering Cross Section: The values plotted by Howerton for (n, n') events
were assigned to the 200-kev level in molybdenum and used as such.
c. Neutron Nonelastic Spectra
The following assumptions have been made.
1. Reactions of the forms (n, 2n) and (n,n') proceed via formation of a compound
nucleus. Spectra are characterized by the Lang-LeCouteur formulation, as are the rel-
ative magnitudes of an, n' and a- 2n Absolute magnitudes of the pure neutron emission
cross sections are taken from direct measurement when available, or are inferred from
the nonelastic cross section.
2. Reactions of the form (n, pn) proceed by direct interaction to emit the primary
proton followed by compound nucleus emission of the secondary neutron. The primary
protons are assumed to carry off a nominal 3 Mev in kinetic energy; the remaining
(E+Qn, p-3) Mev is available as excitation energy for neutron emission.
3. Reactions of the form (n, p) may proceed by direct interaction in those cases in
which the residual energy is insufficient for secondary neutron emission, or by compound
nucleus formation when, regardless of the incident energy, insufficient residual excita-
tion energy is available for secondary neutron emission. It is assumed that each emer-
gent proton carries off a nominal 5 Mev, a compromise between the estimated 7-Mev
Coulomb barrier for compound nucleus reactions and the estimated 3-Mev barrier asso-
ciated with direct interactions.
In the range between 1. 6 Mev and 2. 2 Mev the asymptotic empirical model is used.
From 0. 65 Mev to 1. 6 Mev the truncated model is applicable.
Below 0. 65 Mev all inelastic scattering is associated with excitation of the 0. 204-kev
level.
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vT . , Cr2 Onxt,
01 3*9839 2*3100 1.6739 1*5331 0*(000
02 4.1429 2*4700 1e6729 1e5214 0O0200
03 4.1737 2.5500 1*6237 1.4552 0*0480
04 4*3300 2*6400 1.6900 1.1916 0.3984
05 4*3700 2*6700 1*7000 0.4667 1.1533
06 4.3115 2*6000 1.7115 0.0000 1.6615
07 4*1621 2.4200 1.7421 0.0000 1.7121
08 4.0429 2.2100 1*8329 0.0000 1*8229
09 3.9040 1.9200 1.9840 0.0000 1.9840
10 3-8753 1.7900 2.0853 0.0000 2*0853
11 3*8567 1.7300 2*1267 0.0000 2.1267
12 3*8385 1*6700 2.1685 0.0000 2*1685
13 3*8806 1.6700 2.2106 000000 2*2106
14 3.9230 1*7100 2.2130 0*0000 2.2130
15 4.0155 1*8100 2*2055 0*0000 2*2055
16 4.2034 2.0300 2.1734 0.0000 2.1684
17 4.4114 2.3000 2.1114 0.0000 2.1014
18 4.6596 2*6000 2*0596 0.0000 2.0446
19 4.8580 2.9400 1*9180 0.0000 1.8990
20 5*1180 3.2900 1.8280 0*0000 1*8060
21 5.3670 3.6300 1.7370 0.0000 1,7130
22 5.6850 4.0600 1.6250 0.0000 1.5990
23 5.9240 4*3900 1.5340 0.0000 1.5060
24 6*2060 4*7700 1*4360 0.0000 1*4060
25 6.4530 5.1800 1.2730 0.0000 1.2410
26 6*7780 5,6500 11280 0.0000 1.0940
27 6.9880 6*0200 0.9680 0*0000 0*9330
28 7.1680 6*3500 0.8180 0.0000 0o7810
29 7.4290 6.7300 0*6990 0.0000 0*6600
30 7.6100 7.0400 0.5700 0.0000 0.5300
31 7.7920 7.3300 0.4620 0.0000 0.4200
32 8.0240 7.6300 0.3940 0.0000 0-3500
33 8.2050 7.8900 0.3150 0.0000 0*2700
34 8.3570 8.1100 0*2470 0.0000 0.2000
35 8.8020 8.6300 0*1720 0.0000 0*1200
36 9*0850 9.0000 0.0850 0.0000 0.0300
37 9.0620 9.0000 0.0620 0*0000 0.0000
38 8.3980 8.3300 0*0680 0.0000 0.0000
39 7.6970 7*6200 0.0770 0.0000 0*0000
40 6.7830 6*6900 0*0930 0.0000 0.0000
41 5*5620 594500 091120 0.0000 0.0000
42 5.1300 5.0000 0.1300 0.0000 0.00000
43 4*7020 4.5500 0.1520 0.0000 0.0000
44 4.6750 4.5000 0.1750 0.0000 0.0000
45 5*2240 5.0000 0.2240 0.0000 000000
46 6*9140 6.7000 0.2140 0.0000 0.0000
47 6.6490 6.4000 0*2490 0.0000 0.0000
48 5.6420 5.4000 0.2420 0.0000 0.0000
49 5.5200 5.4000 0O1200 0.0000 0.0000
50 7.5000 4.8000 2.7000 0.0000 0.0000
TABLE D*21 FIFTY GROUP NEUTRON CROSS SECTIONS FOR MOLYBDENUM
235
- -I -pl I- 
 I-----·-----CII 1__·-·-·-_I_-------- - 1--1 11- -- - -
01 0.0300
02 0.0700
03 0.1000
04 0.1000
05 0.0800
06 0.0500
07 0.0300
08 0.0100
09 0.0000
10 0.0000
11 0.0000
12 0.0000
13 0.0000
14 0.0000
15 000000
16 0.0000
17 0.0000
18 0.0000
19 0.0000
20 0.0000
21 0.0000
22 0.0000
23 0,0000
24 0.0000
25 0.0000
26 0.0000
27 0.0000
28 0.0000
29 0.0000
30 0.0000
31 0.0000
32 0.0000
33 0.0000
34 0.0000
35 0.0000
36 0.0000
37 0.0000
38 0,0000
39 0.0000
40 0.0000
41 00000
42 0.0000
43 0,0000
44 0.0000
45 0.0000
46 0.0000
47 0.0000
48 0.0000
49 0.0000
50 0.0000
0.1108
0.0615
0.0205
0.0000
0.0000
0.0000
0.0000
0.00000
0. 00000
0. 0000
0. 0000
0. 0000
0. 0000
0. 0000
0. 0000
0. 0000
0. 00000
0. 0000
0. 0000
0. 0000
0.0000
0. 0000
0.0000
0. 0000
0.0000
0. 00000
0. 0000
0. 00000
0. 0000
0. 0000
0. 0000
0. 0000
0. 00000
0. 00000
0. 0000
0.00000
0. 00000
0.00000
0.0000
0. 00000
0,0000
0. 0000
0. 00000
0. 0000
0. 0000
0. 0000
0. 0000
0. 00000
0.0000
0. 0000
TABLE D.21 CONT.p FIFTY
0.0000 v ce0.0000
3.000 0·0000
0.0000 0.0000
0.0000 0.0000
0.0000 0.0000
0.0000 0.0000
0.0000 00000
0.0000 0.0000
0.0000 0.0000
0.0000 0.0000
0.0000 0.0000
0.0000 0.0000
0.0000 0.0000
0.0000 0.0000
0.0000 0*0000
0.0000 0·0000
0.0050 000000
0.0100 0.0000
0.0150 0.0000
0.0190 0.0000
0.0220 0.0000
0.0240 0.0000
0.0260 000000
0.028C 0.0000
0.0300 0.0000
0,0320 000000
0.0340 0.0000
0.0350 0.0000
0.0370 0.0000
0.0390 0.0000
0.0400 0.0000
0.0420 0.0000
0.0440 0.0000
0.0450 0.0000
0.0470 0.0000
0.0520 0.00000
00550 0.0000
0.0620 0.0000
O.0680 0.0000
0.0770 0.0000
0.0930 0.0000
0.1120 0.0000
0.1300 0.0000
0.1520 0.0000
0.1750 0.00675
0.2240 0.01210
0.2140 0.01624
0.2490 0.02970
0*2420 0.02900
0,1200 0.0000
2.7000 0.0000
GROUP CROSS SECTIONS FOR MOLYBDENUM
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D. 13 LEAD
a. High-Energy Cross Sections
Total Cross Section: Plotted in the energy range of interest by Hughes and
Schwartz, 5 2 and by Howertonl 3 8 with good agreement. The plotted values at ~14 Mev
are in agreement with the measurements of Khaletskii, 7 8 Coon et al.,77 and Goodman. 14 4
137The values plotted by Weil and Jones in the range 4-8 Mev are consistently higher
than those of Hughes and Schwartz and of Howerton. (The same condition was noted in
connection with the molybdenum cross sections.) The value given by Walt and
130Barschall at 1 Mev is somewhat lower than that given by Hughes and Schwartz and by
Howerton.
Nonelastic Cross Section: Plots of the nonelastic cross section above threshold are
given by Hughes and Schwartz,52 and Howertonl 3 8 with good agreement. Values tabu-
lated by Levedev 13 9 at 14 Mev, and by Pasechnik 1 18 at 14 Mev and 4. 1 Mev are in good
agreement with the plotted curves. Values given for 2. 5 Mev by Pasechnik 1 18 and by
116
Strizhak are in mutual agreement, but are appreciably higher than the values plotted
by Hughes and Schwartz and by Howerton.
Elastic Cross Section: The elastic cross section at all energies of interest is taken
to be the difference between the total and nonelastic cross sections. The value tabulated
by Walt and Barschall130 at 1 Mev appears to be low.
Radiative Capture Cross Section: Diven and Terrell1 1 9 give a value of 4 mb for the
(n, y) cross section at 0. 4 Mev. The value is small enough that the reaction can be
ignored.
Charged-Particle Emission Cross Sections: No reactions of the general type (n, x),
where x denotes a charged particle, have been observed in lead for neutrons at energies
of interest. Since there appears to be no discrepancy between the nonelastic cross sec-
tion and the sum of the (n, 2n) and (n, n') cross sections, all charged-particle emission
cross sections are neglected.
(n, 2n) Cross Section: Values of the (n, 2n) cross section at 14 Mev are tabulated by
13 2 108Benveniste32 and Ashby et al. with very good agreement. Statistical-model predic-
tions of the (n, 2n) cross section, normalized to the measured value at 14 Mev, are used
at energies below 14 Mev.
Inelastic Cross Section: The (n, n') cross section is taken to be the difference
between the nonelastic and (n, 2n) cross sections. Gamma-production cross sec-
tions in the energy region from threshold to -3 Mev are plotted by Hughes and
Schwartz.5Z Various gamma-production cross sections at 3. 2 Mev are tabulated
by Scherrer, Allison, and Faust. 133 Using the Hughes and Schwartz and Scherrer
et al. results as reference points, and assuming Gaussian excitation functions
corresponding to the known levels in the several lead isotopes, we find that the
inelastic cross section is resolved into a set of approximate excitation functions
for the various levels lying below -3 Mev.
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b. Low-Energy Cross Sections
Total Cross Section: Plotted by Hughes and Schwartz 5 2 and by Howerton13 8 with
good agreement. Of the two, the Hughes and Schwartz plot is the more easily read and
is used.
Nonelastic Cross Section: The only nonelastic reaction permitted energetically in
the lower energy region is the (n, y) reaction. Hence, the nonelastic cross section is
identically the radiative-capture cross section.
Elastic Cross Section: Taken to be the difference between the total and the nonelastic
cross sections in the lower energy region.
Radiative-Capture Cross Section: Hughes and Schwartz 5 2 give for the (n, y) cross
section at 0. 025 ev a value of 170 mb. Diven and Terrell 1 19 give at 400 kev a value of
4 mb. Tattersall et al.13 3 measured an effective resonance integral for lead equal within
the limits of accuracy of the experiment to that expected for a pure v 1 cross section,
thereby indicating that resonance absorption is very weak. The cross section is assumed
-1
v at low energies, and is extrapolated to agree with the measured value at 400 kev.
c. Neutron Nonelastic Spectra
For incident neutron energies above 3. 7 Mev, the multiple-particle statistical model
is used to calculate (n, n') and (n, Zn) spectra. For energies in the range 1. 8-3. 7 Mev
scattering from Pb 6 nuclei is treated by the statistical model, scattering from Pb 2 0 7
208
and Pb nuclei, for which estimates of the excitation functions are available, by the
isolated level model. From threshold to 1. 8 Mev the isolated-level model is used exclu-
sively.
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_In_1_ 1.~ -._· 1 1
0,, tr
01 5.4600 2.8600 2.6000 2*5500 0.0000
02 5.3200 2.6900 2.6300 1.9000 0.0000
03 5.1600 2.5100 2.6500 1.5900 0.0000
04 5.1400 2.4600 2.6800 1.0600 0.0000
05 5.2300 2.6700 2.6600 0.5800 0.0000
06 5.4000 2.8000 2.6000 0.2600 0.0000
07 5.6800 3.2100 2.4700 0.0000 0.0000
08 6.0800 3.6700 2.4100 0.0000 0.0000
09 6.5100 4.1700 2.3400 0.0000 0.0000
10 6.9600 4.6800 2.2800 0.0000 0.0000
11 7.3600 5.1000 2.2600 0.0000 0.0000
12 7.6100 5.5000 2.1100 0.0000 0.0000
13 7.6200 5.7200 1.9000 0.0000 0.0000
14 7.4400 5.8100 1.6300 0.0000 0.0000
15 7.0700 5.6900 1.3800 0.0000 0.00000
16 6.4900 5.3200 1.1700 0.0000 0.0000
17 6.0700 4.9800 1.0900 0.0000 0.0000
18 5.7700 4.7300 1.0400 0.0000 0.0000
19 5.5700 4.5900 0.9800 0.0000 0.0000
20 5.4300 4.5800 0.8500 0.0000 0.0000
21 5.3600 4.6300 0.7300 0.0000 0.0000
22 5.3000 4.6800 0.6200 0.0000 0.0000
23 5.3500 4.8300 0.5200 0.0000 0.0000
24 5.5000 5.0600 0.4400 0.0000 0.0000
25 5.5500 5.1800 0.3700 0.0000 0.0000
26 6.0000 5.7000 0.3000 0.0000 0.0000
27 5.9500 5.6900 0,2600 0.0000 0.0000
28 5.7700 5.6100 0.1600 0.0000 0.0000
29 5.4500 5.3500 0.1000 0.0000 0.0000
30 5.6000 5.6000 0.0000 0.0000 0.0000
31 5.4500 5.4500 0.0000 0.0000 0.0000
32 6.0000 6-0000 0.0000 0.0000 0.0000
33 4.5000 4.5000 0.0000 0.0000 0.0000
34 5.4000 5.4000 0.0000 0.0000 0.0000
35 6.6000 6.5970 0.0030 0.0000 0.0030
36 7.4000 7.3960 0.0040 0.0000 0.0040
37 9.4000 9.3960 0.0040 0.0000 0.0040
38 10.5000 10.4950 0.0050 0.0000 0.0050
39 10.6000 10.5940 0.0060 0.0000 0.0060
40 10.7000 10.6930 0.0070 0.0000 0.0070
41 10.9000 10.8920 0.0080 0.0000 0.0080
42 11.0000 10.9910 0.0090 0.0000 0.0090
43 11.0200 11.0110 0.0090 0.0000 0.0090
44 11.0400 11.0300 0.0100 0.0000 0.0100
45 11.0600 11.0490 0.0110 0.0000 0.0110
46 11.0800 11.0680 0.0120 0.0000 0.0120
47 11.1000 11.0860 0.0140 0.0000 0.0140
48 11.1200 11.1040 0.0160 0.0000 0.0160
49 11.1400 11.1220 0.0180 0.0000 0.0180
50 11.0000 10.8300 0.1700 0.0000 0.1700
TABLE D-23 FIFTY GROUP NEUTRON CROSS SECTIONS FOR LEAD
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0'~n ,1n O', ,(
0T, hx crl,> <:r., IT r^\ r '
(5tcstmCl \ ) (3. 5 (2. ,) (2.61) (;*3 )
01 2.6000 0.0000 0.0000 0.0000 0.0000
02 2.6300 0.0000 0.0000 00000 0.0000
03 2.6500 0.0000 0.0000 0,0000 0.0000
04 2.6800 0.0000 000000 0.0000 000000
05 2.6600 0.0000 0.0000 0.0000 0.0000
06 2.6000 0.0000 0.0000 000000 0.0000
07 2.4700 0.0000 0.0000 0.0000 0.0000
08 2.4100 0.0000 0.0000 0.0000 0.0000
09 2.3400 0.00000 0.0000 0.0000 0.0000
10 2.2800 000000 0.0000 0.0000 0.0000
11 2*2600 0000 0 0.0000 0.0000 0.0000
12 2.1100 0.0000 0,0000 0,0000 0.0000
13 1.9000 0.0000 0.0000 0.0000 0.0000
14 1*0500 0.1996 0.2000 0.2001 0.0000
15 0.9500 0.0000 0.1149 0*2002 0.1151
16 0.8500 0.0000 0.0000 0.0483 0.2763
17 0.7100 0.0000 0.0000 0.0000 0.0500
18 0.5700 0.0000 0.0000 0.0000 0.0000
19 0.5100 0.0000 0.0000 0.0000 000000
20 0.4700 0,0000 0,0000 0.0000 00000
21 0.0000 0.0000 0.0000 0.0000 0.0000
22 0.0000 0.0000 0.0000 0.0000 0.0000
23 0.0000 0.0000 0.0000 0.0000 0.0000
24 0.0000 0.0000 0.0000 0.0000 0.0000
25 0.0000 0.0000 0.0000 0.0000 0.0000
26 0.0000 0.0000 0.0000 0.0000 0.0000
27 0,0000 0.0000 0.0000 0.0000 0.0000
28 0.0000 0.0000 0.0000 0.0000 0.0000
29 0.0000 0.0000 0.0000 0.0000 0.0000
30 0.0000 0.0000 0.0000 0.0000 0.0000
31 0.0000 0.0000 0.0000 0*0000 0.0000
32 0,0000 0.0000 0.0000 0.0000 0.0000
33 0.0000 0.0000 0.0000 0.0000 0.0000
34 0.0000 0.0000 0.0000 0.0000 0.0000
35 0.0000 0.0000 0.0000 0.0000 0.0000
36 0.0000 0.0000 0.0000 0.0000 0.0000
37 0.0000 0.0000 0.0000 0.0000 0.0000
38 0.0000 0.0000 0.0000 0.0000 0.0000
39 0.0000 0.0000 0.0000 0.0000 000000
40 0.0000 0.0000 0.0000 0.0000 0.0000
41 00000 0*0000 0*0000 000000 0.0000
42 0-0000 0-0000 0.0000 0.0000 0.0000
43 0,0000 0.0000 0,0000 0.0000 0.0000
44 0.0000 0.0000 0.0000 0.0000 0.0000
45 0.0000 0.0000 0.0000 0.0000 0.0000
46 0.0000 0.0000 0.0000 0.0000 0.0000
47 0.0000 00000 0,0000 0.0000 0.0000
48 0.0000 0,0000 0.0000 0.0000 0.0000
49 0.0000 0.0000 0.0000 0.0000 0.0000
50 0,0000 00000 0,0000 0.0000 0.0000
TABLE D.23 (CONT.) FIFTY GROUP CROSS SECTIONS FOR LEAD
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_11_1 1 _ _I _·____1_____1_1____YIIUYIIIIIII_I1
1 0 )0000 00000 0.0000 0,0000 0o.000
01 0.0000 0.0000 0,0000 0.0000 0.0000
02 0.0000 0.0000 00000 00000 0*0000
03 0.0000 0.0000 0.0000 0.0000 0.0000
04 0.0000 0.0000 0.0000 0.0000 0.0000
05 0.0000 0.0000 0.0000 0.0000 0.0000
06 0,0000 0*0000 0,0000 0.0000 0.0000
07 0.0000 0.0000 0.0000 0.0000 0.0000
08 0,0000 00000 0,0000 00000 0.0000
09 0,0000 0,0000 0.0000 0.0000 0.0000
10 0.0000 0.0000 0.0000 0.0000 0.0000
11 0.0000 0.0000 0.0000 0.0000 0.0000
12 0.0000 0.0000 0.0000 0.0000 0.0000
143 0.0000 0.0000 0.0000 0.0000 0.0000
14 0.0000 0.0000 0.0000 0.0000 0.0000
16 0.0000 0.0000 0.0000 0.0000 0.0000
16 0.3300 0.0000 0.0000 0.0000 0.0000
17 0.3300 O.0000 0.0000 0.0000 000000
18 0.4701 0.0000 0.0000 0.0000 0.0000
19 0.5103 0.0000 0.0000 0.0000 0.0000
20 0.2902 0.0000 0.0000 0.0900 0.0000
21 0.0000 0.0950 0.1908 0.3511 0.0949
22 O,-'5(Q.tS7) 0.0000 0.1397 0.3389 0.1409
23 0.0703 0.0000 0.0606 0.2500 0.1400
24 0.1893 0.0000 0.0000 0.1300 0.1198
25 0.2076 0.0000 0.0000 0.0400 0.0500
26 0.3001 0.0000 0.0000 0.0000 0.0000
27 0.2600 0.0000 0.0000 0.0000 0.0000
28 0.1600 0.0000 0.0000 0.0000 0.0000
29 0.1000 0.0000 0.0000 0.0000 0.0000
30 0.0000 0.0000 0.0000 00000 000000
31 0.0000 0.0000 0.0000 0.0000 0.0000
32 0.0000 0.0000 0.0000 0.0000 0.0000
33 0.0000 0.0000 0.0000 0.0000 0.0000
34 0.0000 0.0000 0.0000 0.0000 0.0000
35 0.0000 0.0000 0.0000 0.0000 0.0000
36 0.0000 0.0000 0.0000 0.0000 0.0000
37 0,0000 0.0000 0,0000 0.0000 0.0000
38 0,0000 0.0000 0.0000 0.0000 0.0000
39 0.0000 0.0000 0.0000 0.0000 0.0000
40 0.0000 0,0000 0.0000 0.0000 0.0000
41 0.0000 0.0000 0.0000 0.0000 0.0000
42 0.0000 0.0000 0.0000 0.0000 0.0000
43 0.0000 0.0000 0.0000 0.0000 0.0000
44 0.0000 0.0000 0.0000 0.0000 0.0000
45 0.0000 0.0000 0.0000 0.0000 0.0000
46 0.0000 0.0000 0.0000 0.0000 0.0000
47 0.0000 0.0000 0.0000 0.0000 0.0000
48 0.0000 0.0000 0.0000 0.0000 0.0000
49 0.0000 0.0000 0.0000 0.0000 0.0000
50 0.0000 0.0000 0.0000 0.0000 0.0000
TABLE D.23 WCONT.- FIFTY GROUP CROSS SECTIONS FOR LEAD
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